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Abstract 

Surface limitations in terms of infrastructure and the need for more direct transportation routes often call 

for the development of underground construction works in geotechnically unfavourable conditions, which 

oftentimes require a temporary pre-support system prior to excavation in order to avoid tunnel collapse or 

surface settlement. One such pre-support system is the umbrella arch system, which has been gaining 

popularity due to its lower cost and reduced time to employ when compared to other pre-support systems. 

However, the umbrella arch system has been employed without a complete understanding of its 

mechanical response. The system has been found in the literature to be either under- or over- designed 

with negative impacts on safety and/or cost.  This study makes three major contributions with respect to 

increasing the understanding of the relevant geomechanical aspects and the use of the umbrella arch 

system.  

The first major contribution is the development of a relevant nomenclature standard in order to 

categorize and define umbrella arch elements and systems, which lead to the creation of an empirically 

driven Umbrella Arch Selection Chart (UASC) with a view to aiding initial design of tunnel support.  

The second major contribution is the establishment of a design methodology, based upon 

advanced numerical modelling techniques to aid in the optimized design of the umbrella arch arrangement 

for site-specific conditions. These techniques were based primarily on robust parametric analyses utilizing 

advanced two-dimensional and three-dimensional numerical models complemented with field data from 

select case studies for validation purposes.  

The third major contribution is the development of a semi-analytical model for umbrella arch 

systems employed in squeezing ground conditions by incorporating elastic foundation theory and 

Convergence-Confinement Method (CCM). The model addresses the deficiencies associated with the 

CCM when supports are installed close to the tunnel face. As umbrella arch systems are always employed 

within close proximity of the tunnel face, an investigation and subsequent improvement to the CCM was 

conducted. 
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These three major contributions are introduced and explained in detail; including a discussion of 

how they are incorporated into the tunnel support design process and throughout the construction and 

monitoring phase of the project.  
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Chapter 1 

Introduction 

1.1 Purpose of Study 

Since 1991, it is agreed upon in the literature that there is limited comprehension and a lack of an 

objective design criteria for umbrella arch systems (Figure 1-1) (Carrieri et al. 1991, Hoek 1999, 

Volkmann 2003, Kim et al. 2005, Volkmann et al. 2006, Volkmann and Schubert 2006 and 2007, Federal 

Highway Administration 2009, Volkmann and Schubert 2010, Hun 2011, and Peila 2013). The lack of 

objective design criteria and comprehension is primarily due to the fact that there is no standardized 

nomenclature and that there is a lack of specific geomechanical mechanisms that have been identified for 

such systems. The author has defined the umbrella arch as a temporary pre-support method that is 

installed during the first pass of excavation from within the tunnel, above and around the crown of the 

tunnel face, which reinforces through the interaction of support and the rockmass (Appendix A). 

Many of the definitions used in the literature have similar or conflicting nomenclature. These 

similar or conflicting nomenclatures (Figure 1-1) consist of, but are not limited to, forepole  (Szechy 1973 

and Hoek 2007), pipe roofing (Gamsjäger and Scholz 2009), pipe roof support (Volkmann and Schubert 

2007), pipe roof umbrella, pipe umbrella (Dywidag-Systems International, 2015), umbrella arch method 

(Ocak 2008), umbrella vault (Leca and Barry 2007), long-span steel pipe fore-piling (Miura 2003), steel 

pile canopy (Gibbs et al. 2007), sub-horizontal jet-grout columns (Coulter and Martin 2006), canopy 

technique: jet-columns (Croce et al. 2004), and spiles (Trinh et al. 2007; Hoek 2007). The lack of 

objective design criteria and comprehension is secondarily due to the complexity of the support-ground 

interaction which requires a detailed and complex three-dimensional (3D) analysis to capture the 

complete response of the system. The 3D analysis is complex because the model needs to take into 

consideration the material’s ability to move around the structural elements of the umbrella arch. This is 

done through the use of interaction parameters that are extremely difficult to calibrate without validation 
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from in-situ data. Furthermore, the lack of an objective design criteria and comprehension is also due to 

the limitation of semi-analytical solutions to approximate the mechanical response of the system. The 

current semi-analytical solutions that do exist are not widely adopted and have been developed for 

shallow ground analysis. These three reasons culminate in the lack of objective design criteria and will be 

addressed in this thesis. This thesis will conclude with an objective design criteria for squeezing ground 

conditions, as well as a methodology for addressing other relevant ground-failure conditions.   

 

Figure 1-1: Illustration of different umbrella arch elements and systems. A) Drawing of forepole 

boards for mining application (modified after Szechy, 1973). B) AT – Piper Umbrella system of 

Dywidag-Systems International (modified after Dywidag-Systems International, 2015). C) Drawing 

of the forepole grouted umbrella arch system employed at the Driskos tunnel, Greece (Modified 

after Vlachopoulos 2009). D) Illustration of the layout for a typical umbrella arch system employing 

forepole elements (modified after Hoek 2001).   

1.2 Thesis Format 

For completeness and overall understanding, this thesis will first include the rationale for the need to 

develop further understanding of the umbrella arch system (Chapter 2) as well as the current 
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understanding of the stress and displacements at and around the tunnel face (Chapter 3). This thesis is the 

first of its kind to be written and defended within the Department of Geological Sciences and Geological 

Engineering at Queen’s University and produced internationally on the umbrella arch support system. As 

such, it includes a chapter devoted to the explanation of umbrella arch nomenclature (Chapter 4).   

The thesis has been prepared in manuscript style in accordance with the guidelines established by 

the School of Graduate Studies at Queen’s University. Chapters 4-7 are manuscripts that have been 

published (Chapter 4 and 5) in, submitted (Chapter 7), or to be submitted (Chapter 6) to international 

journals. The three major aspects researched in this thesis were based primarily on three types of 

investigations: (1) empirical data (Chapter 4), (2) numerical analysis (Chapter 5), (3) and semi-analytical 

analysis (Chapter 6 and 7). The following sections briefly explain the organization of the thesis. A 

summary of the collection of the findings, as well as the conclusion of this thesis can be found in Chapter 

8. 

1.3 Thesis Objectives 

Utilizing empirical data collected from literature review, site visits, and numerical modelling, a 

comprehensive understanding of relevant aspects of the mechanical response and design of umbrella arch 

systems is presented in this thesis. These investigations were carried out in three parts, as outlined in the 

succeeding sections and illustrated in Figure 1-2.    

1.3.1 Part I 

The primary objectives of Part I (Chapter 4 – journal paper) of this research were:  

a. To develop a standard nomenclature to distinguish between all of the types of umbrella arch 

systems;  

b. To create a database of case studies of the different umbrella arch systems based on literature and 

site visits; 

c. To examine the database in order to develop ranges of applicable design parameter guidelines; 
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d. To create a selection methodology for the umbrella arch systems based on expected ground 

failure and stress conditions;  

e. To develop a quantifiable selection process, based on the selection methodology, of the umbrella 

arch system and to verify this process through analysis of case studies; and, 

f. To contribute to the improvement of the engineering design of umbrella arch systems. 

1.3.2 Part II  

The primary objectives of Part II (Chapter 5 – journal paper) of this research were: 

a. To examine the mechanical response of umbrella arch systems through numerical analyses:  

i. Literature review of numerical analyses of umbrella arch systems;  

Figure 1-2: Illustration of thesis research rationale and organization. 

Literature Review 

General Introduction: 
Identification of research needs and review of background information

Background: Umbrella Arch systems
• Introduction 

• rationale for using Umbrella Arch systems

• Capture trends of the increasing use of system
• Case studies of Umbrella Arch systems

• Ground Failure Conditions 

• Deficiencies in understanding
• Nomenclature 

Background: Understanding Stresses 
and Displacements at the tunnel face: 

• Development of Observational Approach (NATM vs ADECO-RS)

• Development of Design load on tunnels 
• Terzaghi, CCT, Two-dimensional Analysis 

• Development of Face Stability 
• 3D Analysis

Umbrella Arch Nomenclature and Selection 
Methodology for Temporary Support Systems for the 
Design and Construction of Tunnels
• Umbrella Arch Nomenclature
• Umbrella Arch Selection Chart 
• Umbrella Arch Design Parameters 

Numerical Analysis in the Design of Umbrella Arch 
Systems
• Literature Review
• Parametric Analysis (2D and 3D)
• Design Optimization for Driskos Ch 8+476 
• Istanbul Metro Parametric Study Results 

Discussion and Conclusions
• Area of contribution 
• Limitations of research: Empirical data; Numerical Modelling; and Analytical Solution 
• Recommendations for future work 

Improvement to the convergence-confinement theory: 
Inclusion of support installation location and stiffness
• Literature review on CCT
• Improvements to the LDP 
• Effect of overloading due to longitudinal arching 

Chapter 1

Chapter 2 Chapter 3

Chapter 4

Chapter 6

Chapter 5

Chapter 8

Semi-Analytical Model for Umbrella Arch Systems in 
Squeezing Conditions
• Literature Review of Semi-Analytical Models

• Assumptions 
• Limitation  

• Calibration to Birgl Tunnel 
• Proposed Semi-Analytical Model  

• Case Study: Burgl Tunnel Chapter 7

Part I Part III 

Part II 
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ii. 2D analysis of umbrella arch systems; and 

iii. 3D analysis of umbrella arch systems, considering interaction parameters investigation. 

b. To illustrate how numerical analysis can be used for the design of umbrella arch systems: 

i. 2D spacing assessment to prevent localized failures;  

ii. Axisymmetric analysis to develop overlap design parameter; and 

iii. 3D numerical analysis to capture the global response of the system; and, 

c. To improve the way in which these numerical analyses (2D and 3D) can be used effectively 

within the overall framework of analysis and engineering design. 

1.3.3 Part III  

The primary objectives of Part III (Chapter 6 and 7) of this research were: 

a. To improve the Convergence-Confinement Method (CCM) to take into consideration the effect of 

support (Chapter 6 – to be submitted as a journal paper): 

i. Literature review of existing CCM approaches; 

ii. Explanation for the requirement for improvement; and,  

iii. Development of the effect of support on three different excavation methods: 

i. Tunnel boring machines; 

ii. Mechanical (Conventional); and, 

iii. Drill and Blast; 

b. To present the current state of analytical models with regards to umbrella arch systems  

(Chapter 7 – submitted as a journal paper): 

i. Simplified beam models; and, 

ii. Elastic beam foundation theory; 

c. To proposed a new semi-analytical model based on (Chapter 7): 

i. Elastic beam foundation theory; and, 

ii. The improved CCM approach; and, 
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d. To validate the proposed semi-analytical model with a case study (Chapter 7).   

1.4 Thesis Scope  

In order to achieve the objectives of this research as defined in the previous section, the scope of this 

thesis covers the following: 

a. To develop a database to support empirical analysis based on literature and visited case studies;    

b. To create two and three-dimensional numerical models for the following investigations:  

i. Theoretical cases (based on published material properties from Vlachopoulos and 

Diederichs, 2009);  

ii. Case studies: 

i. Driskos tunnel, Greece;  

ii. Istanbul Metro, Turkey; and, 

iii. Birgl Tunnel, Austria;  

c. To investigate semi-analytical methods for umbrella arch systems through an extensive literature 

review to adapt semi-analytical methods for squeezing ground conditions; and 

d. To focus this thesis on squeezing ground conditions, which can be captured accurately with 

perfectly plastic post-failure conditions and with no dilation. Other post-failure conditions and 

dilatational effects were not investigated. 

Given that this is a manuscript thesis, the primary areas of research are captured within the four journal 

papers that make up this document (Chapters 4-7).  The other chapters (2-3, and 8) provide the 

background information and connect the specific themes that are presented in each of the journal papers. 
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Chapter 2 

Background: Umbrella Arch Systems 

2.1 Introduction  

An umbrella arch is a temporary pre-support method that is installed during the first pass of excavation 

from within the tunnel, above and around the crown of the tunnel face, which reinforces through the 

interaction of support and the rockmass (Appendix A). The use of the umbrella arch system began over a 

century ago when the primary support material utilized was timber and support installation equipment 

was powered manually by humans. Upon encountering problematic ground conditions, primarily with 

regard to face stability, mining excavation support practices suggested the employment of forepoles in 

order to advance through to the next section (Stauffer 1906, Richardson and Mayo 1941, Proctor and 

White 1946, Lewis 1954, and Szechy 1966) as illustrated in Figure 2-1. Such a support method protected 

Figure 2-1: Different forepoling methods suggested to be used for instable face conditions. Modified 

after Szechy (1973). 
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the workers who were excavating the project by hand from potential falling ground. With the 

advancement of technology (such as hydraulic drilling in 1857 (Szechy, 1966)) steel became the preferred 

material of support (i.e. introduction of rock bolts). An extensive literature review (245 published case 

studies that have been reviewed and amassed by the author, as shown in Appendix C) dates the first 

instance of steel-based forepoling (in pipe form) to the mid-1970s in Italy, as cited in Carrieri et al. 

(1991). Later that decade, this type of support system was introduced in Japan noted by Ohtsu et al 

(1995). To date, the umbrella arch system has been introduced and accepted internationally.  It has also 

seen an increase in demand with steel and grout elements as illustrated in Figure 2-2.  The author would 

like to note that the majority of the literature included in Figure 2-2 was collected in 2012.     
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Figure 2-2: Illustration of the increase of publications on case studies that use umbrella arch 

systems. Nomenclature: ? = support meets umbrella arch definition but not enough information to 

classify the support, Combination = A combination of steel and grout is used to make up the 

umbrella arch, Steel = Steel is used to make up the umbrella arch, and Grout = Grout is used to 

make up the umbrella arch. 



 

  

 

11 

While steel (and grout) quickly replaced timber as the preferred forepoling element, the name was 

retained in order to describe this application (i.e. within envelope of pre-support terminology, support 

installed ahead of the tunnel face).  In Japan, the support system was well received when it was 

determined that it could also be employed in order to potentially reduce surface settlement during 

tunnelling excavations. The advancement of drilling capabilities over time also resulted in an increase in 

steel support element diameter yielding bolder and larger support designs and schemes, as illustrated in 

Figure 2-3. This advancement enabled the installation of steel elements at greater lengths, permitting the 

support to effectively span critical sections (i.e. sections of weaker rock, discontinuities, etc.).  

Figure 2-3: The history (1963-2006) of the diameter of pipes employed above and around the tunnel 

excavation in Japan. Grey zone: Typical Range (89-168.3mm) of umbrella arch support diameter 

(Oke et al. 2014). Modified from Doi et al. (2009).  
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These advancements, however, resulted in three different mechanical responses of the system that 

are summarized in Figure 2-4. The umbrella arch type of mechanical response (Figure 2-4C) is the 

primary focus of the research conducted in this thesis due to its common use and industry standards.  The 

mechanical response of umbrella arches (Figure 2-4C) is the result of: a) the three-dimensional response 

of the system, due to support installation and the influence of the tunnel face; b) the local arching which 

takes place between the steel pipes; and, c) the longitudinal transfer of stresses of the steel pipe during 

excavation sequencing. The continuous arch (Figure 2-4A) and simplified beam (Figure 2-4B) 

mechanical responses are very real mechanical responses that warrant further investigation.  These two 

mechanical responses are reintroduced in other sections of this document in order to further clarify the 

umbrella arch definition. 

An extensive literature review was conducted on the mechanical response of the umbrella arch, as 

well as on similar systems which solely employ grout or utilize grout in combination with the steel 

reinforcement. The literature review revealed that similar and conflicting terminologies exist for umbrella 

arch systems and their constituent elements. An example of such conflicting terminology is forepoling. 

This term has been employed in the past to denote timber elements (Szechy 1973) as shown in Figure 2-1. 

It has also served to describe a steel pipe element with a length of 3 to 4m (Tuncdemir et al. 2012) or a 

steel pipe typically 12m in length (Hoek 2001). Furthermore Dywidag-Systems International has 

classified forepoling boards as steel boards (220mm wide by 3-6mm thick) which are 1.25-3m in length. 

As illustrated in Chapter 4 (Oke et al. 2014), a standardized nomenclature was created as part of the 

research described herein in order to address such conflicting and oftentimes confusing terminology 

associated with support elements of this type.  In addition to the conflicting use of terminology for similar 

ground-support types, the literature review also revealed that similar support systems were being 

employed in a variety of ground conditions with an array of failure mechanisms. This insight prompted 

the need for an investigation into specific support design constraints based on anticipated, potential, and 

site-specific failure conditions. The next section outlines pertinent points from such an investigation. 
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A) Continuous arch response:  

In cases where the steel pipes are large, (diameter 

greater than 200mm), touching (no space between 

the steel or grout elements), and spanning the 

critical section, these can be treated as continuous 

arches, which can be analyzed using a simplified 

analysis of the system – i.e. a plane-strain two-

dimensional analysis, as suggested by Hoek 

(2001). Volkmann et al. (2006) suggested the same 

simplification but only if grout is continuously 

connected;  

 

B) Simplified beams response:  

These are cases involving large steel pipes that are 

not touching, and spanning the critical section. 

This response can be simplified as beams in an 

effort to evaluate the expected displacements and 

stresses; and, 

 

C) Umbrella arch:  

These are cases in which the steel pipes are not 

touching, and are not spanning the critical section. 

For this case it is difficult to analyze and 

understand the mechanical response of the 

complete interaction of the whole tunnel support 

system. 

 

Figure 2-4: Three different mechanical responses of installing steel pipe ahead of the tunnel face. 

Photo reference, A) Doi et al. (2009), B) Doi et al. (2009), and C) Taken by author.    
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2.2 Employing Umbrella Arch Systems for Different Ground Conditions  

As illustrated in Figure 2-5 and as expressed in the literature, this section highlights the different ground 

conditions for which umbrella arch systems have been employed. This section has been divided into three 

parts whereby the umbrella arch is employed to prevent certain types of ground conditions:  

a. ground failures that occur in the unsupported span;  

b. support failure due to squeezing ground conditions; and  

c. subsidence-prone conditions.  

TUNNEL BEHAVIOUR CHART (MARINOS 2013) FOR UMBRELLA ARCH SYSTEMS

Figure 2-5: Brief description and schematic presentation of tunnel behavior types that can require 

umbrella arch systems to be employed (modified from V. Marinos 2013).  
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Subsidence is not described in Figure 2-5. However, it is the primary ground condition that umbrella arch 

systems are employed to address. 

The behaviour types that have been utilized and correlated to respective nomenclature types are 

those cited by V. Marinos (2013); these are summarized and illustrated in Figure 2-5. The author 

understands that separate failure mechanism nomenclature exists based on behaviour types, such as the 

nomenclature used by the Austrian Society for Geomechanics (2010) as well as Stille and Plamström 

(2008).  However, the mechanisms of V. Marinos (2013) are an acceptable standard and are consistent 

with the region that the author (and co-authors of the relevant papers) has the most experience in.  The 

importance of developing an understanding of ground response will be demonstrated using a literature-

based case study for each respective ground condition. The following sub-sections summarize the various 

ground conditions that are applicable.  

2.2.1 Unsupported Span Instability  

The umbrella arch system is one of the few pre-support measures installed within tunnel excavation that is 

capable of stabilizing the expected unsupported span if the support was not used (Figure 2-6B). Core-

reinforcement, another pre-support type system which can consist of grouting, fiber-glass dowels, etc., 

may only stabilize the tunnel face when it is installed within the periphery of the tunnel excavation, as 

illustrated in Figure 2-6A. The failure mechanisms discussed below are those that are within, but not 

limited to, the unsupported span and can therefore be potentially mitigated through the employment of an 

applicable umbrella arch system.    

2.2.1.1 Wedge Failure 

Wedge failure, as defined by V. Marinos (2013), occurs when a rockmass is blocky to very blocky and 

there exists either a wedge that has slid or is an occurrence of gravity-driven failures.  An example of this 

type of failure was captured by the author at the secondary access tunnel as part of a Hellas Gold mining 

project in northern Greece. As shown in Figure 2-7, large blocks failed at the tunnel face which is 

connected to karst filled with clay that propagated into a chimney failure within the marble horizon. 
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According to the contractors on site, at the location of the failure, the overburden was approximately 

111m. According to the design classification presented by P. Marinos and Tsiambaos (2012), when this 

geotechnical unit was below 100m, the installation of 4m long spiles with 25mm outside diameter was 

intended. Spiles were not installed before the failure, and the author speculates that the use of Spiles could 

have prevented the small failure. A complete description of the geology and design of the secondary 

access tunnel is included in P. Marinos and Tsiambaos (2012).  

2.2.1.2 Chimney Type Failure  

A)

B)

Figure 2-6: Illustration of the excavation step (grey zone) for A) core-reinforcement with an 

unsupported span and B) Forepole element within an Umbrella Arch supporting the excavation 

step. Modified after Lunardi (2008). 
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Chimney type failure, as defined by V. Marinos (2013), occurs in rockmasses which are under low 

confinement, are highly fractured, and do not possess strong interlocking structure. This sort of failure 

also occurs in rockmasses that are under high confinement and are brecciated and disintegrated. This 

failure starts with block fall (similar to wedge failure) but develops to larger overbreaks. The overbreak 

may be stopped and “bridged” by better quality rockmasses, depending on the in-situ conditions.   

The new Kaiser Wilhelm Tunnel (which replaced the Old Kaiser Wilhelm Tunnel that was 

completed in 1879), in Germany, provides an example of the employment of an umbrella arch system 

used to combat a chimney type failure. According to Tauch et al. (2011) construction of new Kaiser 

Wilhelm Tunnel employed a Forepole Continuous Grouted Umbrella Arch (FpGcUA) during a tunnel 

Figure 2-7: Wedge failure at the face of a secondary access tunnel excavation, December 2012 

(Halkidiki, Greece).  
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boring machine (TBM) operation. An umbrella arch was required after the tunnel drive had repeated 

rockfalls and failures at the face due to the intersection with small to extensive fault zones (DSI, 2013). 

The installation of an umbrella arch prevented these rock falls (or wedge failures) from propagating into a 

larger chimney failure, as shown in Figure 2-8. The 76mm outside diameter forepole elements were 17m 

long and were made up of 3m steel sections (case-drilling installation), as well as a 2m fiberglass section. 

The 2m fiberglass section was positioned at the end of the forepole element to permit unobstructed 

excavation for the portion of the forepole element that remained within the excavation profile.  

It is important to note Tauch (2011) claims that the umbrella arch system was only successful for 

dealing with small-scale weak zones. The TBM was more efficient for these larger type of failure zones 

Loose 
excavated 
material

Filled with 
mortar 

Longitudinal 
Section

Ventilation shaft

Schematic representation

Umbrella Arch

Figure 2-8: Overcoming the rock fall area by employing an umbrella arch system at the new Kaiser 

Wilhelm Tunnel (Modified after Tauch et al. 2011)   
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when switched to its closed Earth Pressure Balance (EPB) mode. On this project, the criteria for switching 

to EPB mode were met when failure at the face was >3m, the crown or sides was >80cm, or the face was 

>1.5m with sides >50cm.  

2.2.1.3 Ravelling Ground Failure  

According to V. Marinos (2013), ravelling ground failure is similar to chimney failure except that the 

block sizes are smaller (brecciated and disintegrated or foliated), self-supporting timing (practically zero 

cohesion) exists and the failure is unrestricted due to poor rockmass quality in the surrounding zone (i.e. 

no “bridging”). The Biella tunnel, Italy is an example of ravelling ground failure (Figure 2-9) in which an 

umbrella arch was employed, as cited by Oreste (2009). A poorly constructed Forepole Continuous 

Grouted Umbrella Arch (FpGcUA) system resulted in a Forepole Open Grouted Umbrella Arch 

(FpGoUA) in which the design stipulated grout elements to have a diameter of 60cm, spaced at 50cm 

centre to centre, resulting in a 10cm overlap of grout. Upon investigation of the failure, however, Oreste 

found that the grout was not able to penetrate through the coarse sandy quartzite soil as designed. This 

Umbrella Arch

Collapse of the Tunnel Face 

Figure 2-9: Biella province tunnel failure. Modified after Oreste (2009).  
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permitted loose ground to ravel freely through the umbrella arch system and lead to a full out collapse of 

the system. For more information on this tunnel failure refer to Oreste (2009).  

2.2.1.4 Flowing Ground Failure  

According to V. Marinos (2013), flowing ground failure is similar to ravelling ground failure with the 

addition of intense groundwater along the discontinuities and also the inclusion of rock fragments flowing 

inside the tunnel. The Roveredo by-pass tunnel (Tunnel San Fedele) in Switzerland provides an example 

of flowing ground failure when an umbrella arch system was employed. According to Fasani et al. (2012), 

a lack of genuine cohesion between the material caused sand to flow into the tunnel through the Forepole 

Confined Umbrella Arch (FpCUA). This encouraged the development of a sinkhole despite prior attempts 

to backfill the initial void with concrete. To prevent further failure, the spacing of the FpCUA elements 

was reduced. Further details associated with the San Fedele Tunnel can be found in Fasani et al. (2012) as 

well as in Chapter 4.  

2.2.1.5 Brittle Failure  

Brittle failure is most likely to occur in massive block conditions for crystalline rockmasses but can also 

occur within the bedding of sedimentary rocks. According to Perras (2014), the brittle failure mechanism 

occurs in four stages when a notch geometry is created at a tunnel boundary. The first stage deals with the 

initiation of localized damage. This occurs when critically oriented flaws exist within the rockmass that 

are exploited in the zone of maximum tangential stress. For a tunnelling excavation, this will occur at the 

tunnel boundary. The second stage ensues when dilation occurs in a very narrow zone of approximately 

5-10cm wide (for crystalline rock) or along bedding planes (for sedimentary rocks). This extensive 

dilation at the grain scale occurs as a result of shearing and crushing at the narrow zone or bedding. In the 

third stage, for crystalline rockmasses, thin slabs (1 to 5cm) are formed by: a. shearing, b. splitting, and c. 

buckling. The thickest slab will occur as the notch geometry reaches its maximum size. For sedimentary 

rocks, the beams created by bedding failure continue to deflect into the excavation and sub-vertical 

fractures mark the outer edge of the developing notch. The last stage occurs when the notch stops 
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propagating because sufficient confinement has been achieved to stabilize the notch tip. This usually 

occurs in crystalline rock whereby a tear-drop like curvature is formed for the notch, as illustrated in 

Perras (2014). In sedimentary rocks the notch stops propagating when a critical span is reached in the 

beams (created by the bedding planes). The notch will also stop developing due to additional confinement 

through supports (rock bolts) which confine the notch flanks. In a rare case, an umbrella arch system can 

be employed to provide this confinement and minimize the failure to keep the excavation profile constant.  

An example of an umbrella arch system employed in brittle failure type occurred at the Niagara 

Tunnel Project, as shown in Figure 2-10. The Niagara tunnel project is a 10.1km long water diversion 

tunnel in Niagara Falls, Canada. Excavation was conducted using a tunnel boring machine (TBM), 

creating a 14.4m in diameter tunnel. During excavation, a large notch formed in the tunnel crown (as 

shown in Figure 2-10) and invert. According to Perras et al. (2014), the notch at the crown had a typical 

depth of 2-4m over chainages 3000 to 3500. To combat this failure, the initial design of the umbrella arch 

involved grouted spile elements (SpGUA). However, when the spiles were locally inserted/placed after 

the hole was reamed out (pre-drilling technique), it was discovered that 3-5% of the spiles would not 

reach their required depth (Gschnitzer and Goliasch 2009) because the pre-dilled hole had converged. It 

was therefore quickly determined that grout was not required for confinement purposes, as the high stress 

condition was able to keep the spiles in their locations, through confinement. For further information on 

the failure conditions developed at the Niagara project, as well as the spile elements, please refer to Perras 

et al. (2014) and Gschnitzer and Goliasch (2009), respectively.  

2.2.2 Squeezing Ground   

According to Hoek (2001), squeezing ground failure occurs in low-strength intact rockmass with high 

confinement. Squeezing failure is divided into four categories: minor, severe, very severe, and extreme. 

These categories are associated with the tunnel wall displacement strains (unsupported analysis) of 1-
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2.5%, 2.5-5%, 5-10%, and greater than 10%, respectively. Hoek (2001) suggests the use of an umbrella 

arch system (with forepoles) for severe to extreme squeezing ground conditions. The Nathpa Jhakri 

hydroelectric project in India, at the Daj Khad shear zone, is an example of problematic extreme severe 

squeezing, as cited by Hoek (1999). The support employed to get through this shear zone was a Forepole 

A) B)

C)

Length = 6.0m 

Threaded bar, Length = 10.0m 

Shotcrete Thickness > 0.50m 

2 layers of wire mesh

Spring Line

Gripper Pads Gripper Pads

Figure 2-10: Modification to design of Niagara Tunnel Project due to brittle failure, all figures 

modified from Goliasch & Gschnitzer (2009); A) Cross sectional profile of support layout; B) 

Installation of Spile Confined Umbrella Arch system; and, C) Modification to TBM to install the 

umbrella arch system: 1 and 2) working platforms, 3) boom drill feed, 4) roof drill pivot system, 5) 

hydraulic walking platform, 6) existing platform extension, 7) solid shield plate instead of fingers 

with protection rubber curtain, 8) upgrade of existing platforms, 9) dedusting sprayers at conveyor 

transfer point, 10) monorail hoist, and 11) new lifting and transport device. 
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Grouted Umbrella Arch (FpGUA), as is illustrated in Figure 2-11. For further information on the Nathpa 

Jhakri hydroelectric project, please refer to Hoek (2001).  

2.2.3 Subsidence Failure  

Subsidence failure can occur without any failure in the tunnel excavation process and is defined by 

surface displacements as a result of the tunnel construction operation.  Each tunnelling construction 

project has its own tolerances based on the category of building above the excavation. When surface 

displacements or rotation reach a critical state of >10mm and >1/5000, respectively (Aksoy and Onargan 

2010), building damage will occur. The Istanbul metro is an example where nearby buildings govern the 

design of a tunnel. Even though an umbrella arch system was employed at a section of the Istanbul Metro, 

excessive subsidence caused the demolition of one building (Yasitli 2012).  In addition, excessive 

subsidence also triggered a land slide resulting in five fatalities (Ocak 2009a). A numerical analysis of the 

Istanbul Metro and its umbrella arch system was conducted by Yasitli (2012), which yielded results 

comparable to the in-situ results in terms of subsidence. These failures (and deaths) were therefore the 

result of an improper initial design of the support system or inaccuracies associated with the geological 

Squeezing Failure Umbrella Arch

Figure 2-11: Nathpa Jhakri hydroelectric project in India (photos modified from Hoek (2001)). Left 

side: Severe squeezing in a fault zone encountered by the 10m span top heading. Right side: Drilling 

unit for the installation of the 12m long forepole elements, 75mm outside pipe diameter.  
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model. It is important to note that additional excavation of the metro was constructed with TBMs 

resulting in the demolition of 28 additional buildings due to excessive subsidence (Ocak 2009b).  For 

more information on the Istanbul Metro with regards to the umbrella arch system employed, please refer 

to Yasitli (2012) or to Chapter 4. 

Other civil infrastructure such as sewers, pipelines, highways, railways, etc. can also define the 

failure criteria for subsidence-driven cases. An example where pre-existing infrastructure governed tunnel 

design (other than buildings) was at the Aeschertunnel in Switzerland, which had to cope with roadways, 

a sewer line, and a concrete stream diversion channel. In this instance a Continuous Grouted Umbrella 

Arch (GcUA) composed of 13m long elements, 600mm in diameter, was employed to reduce the 

maximum surface settlement from 350mm to 25mm. For further information on the Aeschertunnel, please 

refer to Coulter and Martin (2006) or Chapter 4. 

2.3 Relevance to Research Study 

This chapter started with a brief definition of the umbrella arch system as well as a history outlining the 

development of the umbrella arch system(s) acting as a pre-support scheme when driving a tunnel. As the 

support technique developed due to advances in materials and technology, its usage was widely increased 

within the tunnelling industry. The wide range of possible failure modes for which these types of support 

systems can be employed were co-related and summarized within this chapter. Despite an increase in 

usage, a lack of development regarding improved design standards for the system exists; this lack of 

developments is discussed in Chapter 4 and Chapter 5. This wide variety of failure modes also raises 

further relevant concerns regarding how to numerically analyze/simulate such scenarios, as each failure 

mode results in a different numerical analysis process. An example of two dissimilar failure modes which 

require completely different analysis are wedge failure and squeezing ground failure. Wedge failure 

would require a three-dimensional simulation using a discrete model, in order to capture the effects of the 

sliding block as well as the interaction of the support elements. Simplification could take place with some 

form of limit equilibrium approach. Loading, confinement, as well as the influence of the grout would 
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lead to further assumptions and questions that would require answers for accurate analysis. On the other 

hand, for a squeezing failure mode, the simulation of the umbrella arch requires a three-dimensional 

continuum model as this sort of problem is uniquely three-dimensional in nature. Additionally, umbrella 

arch systems do not act in isolation of other support, and therefore, the complexity increases as the system 

interacts with the remaining temporary support systems being employed. Simplification of the analysis 

could take place with some form of beam on elastic foundation theory.   

This chapter identified the current gap in scientific knowledge and lack of published literature 

with regard to issues of conflicting nomenclature and the diverse mechanistic responses of the umbrella 

arch structural elements for each failure mode. The nomenclature issue and the range of applications of 

the umbrella arch are addressed in the form of a refereed journal paper included as Chapter 4 of this 

thesis. Furthermore, a numerical and semi-analytical approach for umbrella arches utilizing forepole 

elements which are employed for squeezing ground conditions is also addressed in publications included 

in Chapter 5 and Chapter 7 of this thesis, respectively.  
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Chapter 3 

Background: Understanding Stresses and Displacements at the Tunnel Face 

3.1 Introduction  

During tunnel operations, a great deal of complex behaviour occurs at the tunnel face. As explained in the 

previous chapter, stress redistribution and corresponding displacements can occur that are associated with 

various types of potential failure conditions. Such geological uncertainty dictates that observational 

approaches be utilized with regard to conventional tunnel operations that permit onsite engineers the 

flexibility to adjust the support system based on the response of the support and/or ground. In this chapter, 

the two most common observational approaches, the New Austrian Tunnelling Method (NATM) and the 

Analysis of Controlled Deformation in Rocks and Soils (ADECO-RS) will be discussed to provide 

current practice.  This chapter also contains a historical summary of select tools used in observational 

approaches for analysis of ground loads on the tunnel opening and of the reaction at the tunnel face for 

shallow and deep excavations. These tools consist of analytical and numerical analyses and also serve to 

determine when the installation of an umbrella arch system is required as well as the overall response of 

such a support system.  These analytical analyses can also serve to represent the stress conditions on the 

umbrella arch as discussed in Chapter 7, based on improvements to a select analytical analysis created by 

the author as presented in Chapter 6.    

3.2 Observational Approach  

The observational approach is a constantly developing tunnelling philosophy which currently consists of 

the following four components (Kolymbas, 2008):   

1. Determination of acceptable limits for the behaviour of an excavation; 

2. Verification that these limits will (with sufficient probability) not be exceeded; 

3. Establishment of a monitoring program that gives sufficient warning of whether these limits are 

met;  
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4. Provisions of measures for the case when these limits are exceeded.  

As previously discussed, NATM and ADECO-RS are observational approaches that are both generally 

accepted within the tunnelling industry. The author has found that both approaches retain similar 

philosophies (observational approach) but differ greatly with regard to the construction techniques 

employed. These disparities result from the following differences during development: a. the typical 

geology and, b. the time period when the methodology was developed. A comparison of the two 

observational approaches and the literature that appraises them, further illustrates a developing 

understanding with regard to the support-ground interaction around the excavation and at the face. A brief 

history of tunnelling technology (with specific focus on the methods in question) is explored 

(Summarized in Table 3-1). 

Table 3-1: Chronological developments in tunnelling. Notes – For general tunnel development a: 

individual reference found by the author of this thesis, b: as referenced from Sauer (1988 and 1990) 

and Rabcewicz (1964). For developments of NATM c: as referenced from Karakus and Fowell 

(2004) and Sauer (1990). For developments of ADECO-RS d: as referenced from Lunardi (2000 & 

2008). 

LEGEND 
[material] 

 
 

Chronological developments in tunnelling industrya 

Chronological developments in tunnelling industryb 

Chronological developments leading to NATMc 

Chronological developments leading to ADECO-RSd 

1627 Gun powder first used in mining: Selmecbanya, Hungary (Szechy 1966) 

1679 Gun powder first used in tunneling: Languedoc canal, France (Szechy 1966) 

1811 Invention of circular shield by Brunel [soft ground]. 

1848 First attempt to use fast-setting mortar by Wejwanow. 

1857 Hydraulic rockdrill first used in Mont Cenis tunnel, France and Italy (Szechy 1966) 

1872 Replacement of timber by steel support by Rziha. 

1898 Elastic closed form solution for stresses and displacement for a circle excavation by 
Kirsch 

1908-1911 Invention of revolver shotcrete machine by Akeley. 

1914 First application of shotcrete in coal mines, Denver. 

1938 Plastic closed form solution for stresses and displacement for a circle excavation by 
Fenner 

1948 Introduction of Dual-lining system by Rabcewicz (allowing rock to deform to reduce load 
on final lining). 
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3.2.1 New Austrian Tunnelling Method (NATM)  

As stated within Table 3-1, NATM was introduced in 1962 by Rabcewic. According to Kolymbas (2008), 

NATM was developed within the highly variable geology of the Alps where project site investigations did 

not provide all of the information. NATM relies instead on design options, which provide the onsite 

engineer flexibility with regard to the support to be utilized for the given ground conditions.  NATM was 

initially described as a new method consisting of a thinly sprayed concrete lining (i.e. shotcrete) closed at 

the earliest possible moment by an invert to form a complete ring. For this method, deformation is 

measured as a function of time until equilibrium is obtained (Rabcewicz, 1964 and 1965). The 

construction methodology for NATM involved a multi-faced excavation sequence which sought to 

1954 Use of shotcrete to stabilize squeezing ground in tunnelling by Bruner. 

1955 Development of ground anchoring by Rabcewicz. 

1960 Recognition of the importance of a systematic measuring system by Müller. 

1962 Rabcewicz introduced the New Austrian Tunnelling Method in a lecture to the XIII 
Geomechanics Colloquium in Salzburg (concept of surrounding rock as part of the 
support system). 

1964 Ground reaction curve inclusion of ground loosening by Pacher 

1964 English form of the term NATM first appeared in literature produced by Rabcewicz. 

1969 First urban NATM Application in soft ground (Frankfurt am Main). 

1975 Study on deformation behaviour of the Frejus Motorway Tunnel (10 days of zero tunnel 
advance): existence of relationship between pre-convergence and final convergence 
[Limestone] 

1980 Redefinition of NATM due to conflict existing in the literature by the Austrian National 
Committee on Underground Construction of the International Tunnelling Association. 

1983 Introduction of Convergence-Confinement Method (AFTES, 1983)  

1984 Collapse of tunnel face and subsequent cavity at Santo Stefano tunnel: connection 
between extrusion of the core at the face and the convergence of the cavity  [extremely 
tectonised transition zone: clayey schists/fractured sandstone/marly limestone] 

1985 Collapse of tunnel face and subsequent cavity at S. Elia tunnel  

1987 First NATM in Britain at Barrow upon Soar mine 

1988 Collapse of tunnel face and subsequent cavity at Tasso Tunnel: Necessary to form the 
arch effect [Sandy Silts] – first application of fiberglass bolted face 

1990 Cave-in at Vasto Tunnel: The advance core as a stabilization tool [silty clay] 

1995 Introduction of a closed form Longitudinal Displacement Profile  to the Convergence-
Confinement Method by Panet 

1996 Heavy Swelling at Tartaiguille tunnel: Constant average advance rate [swelling clay] 
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minimize failure caused by shearing within rockmasses at depth (squeezing) as noted in Rabcewicz (1964 

and 1965). The introduction of NATM also included Rabcewicz’s philosophy of dual lining support 

(initial and final support) which encouraged lightly supported rock (i.e. temporary support) to deform 

prior to the application of the final lining, effectively reducing loads on the final lining. The concept of 

delayed support installation stems from the basic relationship of the ground reaction curve (GRC) and 

support response curve (SRC), both components of Convergence-Confinement Method (CCM). This 

relationship is illustrated in Figure 3-1, and is further explained in detail within a subsequent section 

within this chapter.  

After its English introduction in 1964, the NATM philosophy was quickly adopted internationally 

(Karakus and Fowell, 2004). The growing success of this new method encouraged designers to employ 

the philosophy to conditions outside the geological framework it was originally designed for. For 

example, in 1969 the first successful urban, soft-ground NATM tunnel was constructed.  This project 

adopted the NATM construction methodology without consideration of the original geological conditions 

in which the methodology was developed. This success led to increased use of the philosophy and 

corresponding construction methodology internationally, which resulted in ‘over-confidence’ in the 

method, and subsequent failure(s). Kolymbas (2008) found that most of the failures involving headings 

designed using NATM were the result of an unsupported face. In addition, the Health and Safety 

Executive (HSE) conducted a review of NATM failure causes (39 major cases from 1973-1994), and 

concluded that the majority of the failures occurring at the tunnel face were due to (HSE, 1996): 

a. Unpredicted geological causes;  

b. Planning and specification mistakes;  

c. Calculation or numerical mistakes;  

d. Construction mistakes; and,  

e. Management and control mistakes.  
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The aforementioned points illustrate that failures can be attributed to carelessness during construction or 

unpredicted geological conditions, rather than to the design methodology. Notwithstanding the true causes 

of these failures, ADECO-RS was developed as a preventive response to face instability; this design 

method is summarized in Section 3.2.2 of this chapter.  

3.2.1.1 Update on NATM 

Galler (2012) quotes Rabcewicz in 1975 stating that NATM “will always adapt to new materials, new 

machinery and construction methods”; adaptability which accounts for the “new” in NATM. Therefore, 
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Figure 3-1: Ground reaction curve (GRC) and support reaction curve (SRC) illustrative 

relationship (modified after Fenner & Pacher, and Rabcewicz (1973), quoted by Karakus and 

Fowell (2004)).  σr = internal pressure, Pimin = minimum internal pressure before detrimental 

loosening, Rt = Tunnel radius, and u = displacement of tunnel walls.  
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to have a complete and updated comparison of ADECO-RS and NATM, an update of the current design 

philosophy must also be included.  

In terms of speed and accuracy, the development of geodetic technology has aided NATM design 

engineers with an improved understanding of ground response in real time. Guenot et al. (1985) employed 

this developing technology, coupled with an analytical function for wall displacements as a function of 

time and the advancing face. This analytical function was further expanded by Barlow (1986) to 

incorporate sequential excavation, installation of support, and displacements occurring ahead of the tunnel 

face. Furthermore, Schubert (1993) illustrated that the ratio of longitudinal displacement of the 

settlements (displacement vector orientation) varied significantly when rockmasses with different 

stiffness or structure were encountered.  In order to permit accurate predictions in real time based on a 

curve-fitting technique of initial convergence measurements of displacement (i.e. displacements within 

the excavation portion) and final-displacement (i.e. when there is no longer an influence from excavation 

sequence on displacement) measurements, Sellner and Steindorfer (2000) incorporated all previous 

developments into a calculation program (GeoFit). Sellner and Steindorfer (2000) additionally discovered 

that an analysis of vector orientation and extrapolated final displacements could provide an indication of 

approaching conditions. One of the two curve-fitting techniques utilized within GeoFit employs an 

“extrapolating prediction method” from data points taken within the tunnel excavation. As the 

extrapolating prediction method is based on non-geomechanical, empirically driven parameters (from 

within the same excavation), accuracy is based on both the number of data points taken at the given 

location of monitoring and on additional monitoring data from another point within the same excavation. 

Since this method relies on data points, it is highly sensitive to the location of the first reading (zero 

reading) of the tunnel displacement.  

Volkmann et al. (2003) illustrates the importance of the first reading for data extrapolation, 

stressing that because the majority of displacements occur at the tunnel face, prompt measurements are 

required in order to generate accurate predictions of pre-displacement (displacement that has occurred 
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before the first reading that was not captured) and final-displacements (when the support and ground 

response come to equilibrium). More importantly, Volkmann et al. (2003) incorporated a chain-

inclinometer within a forepole element which was installed above an umbrella arch of forepole elements, 

in an attempt to verify and capture the complete displacement profile of the ground material around the 

tunnel excavation. Additionally, the chain-inclinometer installed above the umbrella arch has proven to be 

a successful way of monitoring changing ground conditions (Volkmann and Schubert 2006). With the 

incorporation of vector orientation and forepole displacement (through an installed chain-inclinometer), 

the current NATM approach incorporates the pre-displacement of the excavation into the operational 

design process.  

3.2.2 Analysis of Controlled Deformation in Rocks and Soils (ADECO-RS) 

According to Lunardi (2008), ADECO-RS (Figure 3-2) was developed in three research stages. The first 

involved the systematic observation of the deformation behaviour of the core-face. This stage was 

conducted using instruments and visual observation to monitor the stability and deformation behaviour of 
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Figure 3-2: The ADECO-RS methodology. Determination of the behavior categories: A – stable,    

B – extrusion, and C – face failure (Lunardi 2000).  
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the advance core and walls of tunnels. The second research stage was developed with the tunnel face and 

cavity collapses of the NATM constructed S. Elia and S. Stefano tunnels (Table 3-1).  The existence of 

relationships between the deformation behavior of the core-face and of the cavity was verified by these 

failures, as well as by excessive deformation at the Frejus motorway tunnel (Table 3-1). While Lunardi’s 

first research stage involved observation of previously explained deformation, the third research stage 

found that the employment of fiberglass within the core of the tunnel face (Tasso tunnel, Table 3-1) could 

control the rigidity of the core and without increasing construction difficulty (i.e. easy to excavate through 

due to low shear properties of the fiberglass).  In addition, the use of fiberglass to reinforce the face adds a 

confining stress to the face, a condition which makes the ground ahead more stable and places the 

combination of stresses further from the ground’s failure envelope.  With the completion of the third 

research stage, ADECO-RS was created. The philosophy and design methodology of ADECO-RS are 

presented within Figure 3-2. 

According to Lunardi (2000), ADECO-RS ensures that the design and construction of an 

underground work must be sequenced in the following chronological order (Figure 3-2):  

a. A survey phase, for obtaining geological, geomechanical and hydrogeological knowledge of the 

medium;  

b. A diagnosis phase, involving forecasting, by theoretical means, of the behaviour of the medium in 

terms of the deformation response in the absence of stabilization measures;  

c. A therapy phase, initially involving a definition of the method of excavation and stabilization of 

the medium employed to regulate the deformation response and then assessment, using 

theoretical means, of the effectiveness in this respect of the method chosen;  

d. The operational phase (implementing initial design within construction sequence); 

e. A monitoring phase, involving monitoring and experimenting with the actual response of the 

medium during excavation in terms of deformation response in order to fine-tune the excavation 

and stabilization method employed.  
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Furthermore, the design methodology states that excavation should be carried out with full-face 

excavation rather than sequential. An explanation of the rationale behind consistent use of full-face 

excavation will be discussed within a subsequent section. 

3.2.3 Comparison of NATM and ADECO-RS 

As previously mentioned, with the understanding of the general history of NATM and ADECO-RS, it is 

now possible to compare the similarities and differences between the two observational approaches.   

3.2.3.1 Similarities 

As previously stated and illustrated in Figure 3-3, both NATM and ADECO-RS fall within the definition 

of the observational method. Figure 3-3 illustrates the common practice of the design and construction of 

NATM according to the Austrian Society for Geomechancis (2010), the general principles of ADECO-RS 

according to Lunardi (2008), and the observational method according to Kolymbas (2008). In addition to 

the similarities presented in Figure 3-3, further similarities exist between NATM and ADECO-RS with 

regard to the design requirements of the incorporation of stresses that are transferred around the 

excavation. Rabcewicz (1944) refers to this stress transfer as a “ground ring”, while Lunardi (2000) refers 

to it as an “arching effect”. Kovari (1993), a critic of NATM, points out that the aforementioned stress 

redistribution had initially been observed in 1879 by Ritter, theorized in 1882 by Engesser as a yielding 

strip, and conceptualized from the Kirsch Solution (1898) and in 1909/1912 by Wiesmann, more than 50 

years before Rabcewicz’s description of the “ground ring”. Therefore, even though both NATM and 

ADECO-RS refer to the stress redistribution as a component of the methodology, the concept should not 

be considered novel as it was already utilized within the tunnelling industry. Despite the concept’s lack of 

novelty, however, the process by which the construction methodology was developed differs, as explained 

in the following sub-section.  
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Figure 3-3 Schematic procedure for geotechnical design and construction measures (SBp = 

predicted system behavior, SBo = observed system behavior) after the Austrian Society of 

Geomechanics (2010); ADECO-RS: Lunardi (2000); and Observational Approach: Kolymbas 

(2008).  
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3.2.3.2 Differences  

The discrepancies between the two philosophies stem from the general construction methodology. First 

and foremost, the philosophies differ between full-face and sequential excavation. Rabcewicz (1964 and 

1965), one of the creators of NATM, suggested that: 

“tunnels should be driven full-face whenever possible. Although this 

cannot always be done, particularly in bad ground, where it often 

becomes necessary to resort to heading and benching. In the most 

difficult cases it may even be necessary to drive a top pilot heading 

before opening it out to full section.”  

Lunardi (2000), the creator of ADECO-RS, criticized Rabcewicz’s (1964 and 1965) methodology of 

sequential-face excavation in difficult ground. Instead, Lunardi suggested that full-face tunnel excavation 

should always be constructed:   

“especially under difficult stress-strain conditions: due to its peculiar 

static advantages and because large and powerful machines can be 

profitably used in the wide spaces available, it is in fact possible to 

advance in safety with excellent and above all constant advance rates 

even through the most complex ground by using full-face advance after 

core-face reinforcement”  

Rabcewicz’s proposal to employ sequential-face excavation in difficult conditions was built upon current 

technologies already in employment as well as available machinery. As was illustrated in Chapter 2 

Figure 2-1, and within section 3.1 of this Chapter, at the time of NATM development (1960’s) timber was 

the standard support material for mining operations, and shotcrete was still being applied by hoses 

controlled by human strength. The employment of mechanically controlled spray arms for wet shotcrete 

would not be utilized until 1984 (Stipek, 2012), and pre-support methods such as the umbrella arch with 

forepole elements (steel) would not appear until the mid 1970’s (Carrieri et al. 1991). 1988 finally saw the 

first reinforcement of the core of the tunnel, twenty-four years after the initial introduction of NATM. 

Therefore, the only method for the development of the “ground ring” in large excavations when NATM 

was created (without causing failure of the tunnel face) was sequential excavation. The inclusion of face 

reinforcement provides a more rigid advance core, which encourages the development of the “arch effect” 

for larger, full-face excavations.  
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The inclusion of face reinforcement was accompanied by introduction of measurement of the 

extruding tunnel face. In 1990, a sliding micrometer was installed ahead of the tunnel face at the Vasto 

tunnel (Lunardi, 2000), an additional measurement of the deforming tunnel face that embodies one of the 

key elements separating ADECO-RS from NATM (original 1964 definition). ADECO-RS uses the 

response of the ground ahead of the face to adapt the support measures. A previous section indicates how 

NATM has coupled analytical analysis with geodetic measurements in order to incorporate the response 

of unexcavated ground into the design methodology.  

Another notable difference between the two philosophies is the inclusion of an umbrella arch with 

forepole elements systems within the design. Typical NATM-driven projects in difficult ground 

conditions often include forepole elements employed with limited grout (either none or only enough to fill 

the annulus around the support element). The proposed stabilization instruments of ADECO-RS, 

however, illustrate (Figure 3-4) that forepoling does not provide any pre-confinement (as core-

reinforcement with fiberglass dowels does) in terms of increasing confinement pressure, cohesion, or 

friction angle of the ground for the tunnel core. The support system is therefore not common within 

Figure 3-4: Type of effect exerted by the stabilization instruments in use according to ADECO-RS. 

Modified after Lunardi (2000) 
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ADECO-RS design practice but is conversely popular within NATM, as it has been suggested to aid in 

support of the 3D stress field (Sauer, 1988).  

At the 2013 World Tunnelling Congress pre-support short course, presenters including Peila 

(2013) agreed with the ADECO-RS claim that the forepole element does not provide support to the tunnel 

face. Peila (2013), however, did state that the installation of an umbrella arch with forepole elements 

would result in the following responses: 

a. An increased stand-up time by preventing ground material from raveling into the tunnel opening; 

b. Limiting of over-break;  

c. Reducing of the ground loads on the immediate tunnel face;  

d. Reducing of the ground movement in the unsupported span and in the tunnel face; and, 

e. Increase of the safety of the workers near the tunnel face.  

The previous statement suggests that while the umbrella arch with forepole elements does not directly 

stabilize the tunnel core, it indirectly increases the stability by reducing the impact of the ground response 

around the outside of the umbrella arch. To further understand the mechanical response of the umbrella 

arch system, and its implementation within NATM, the development of ground response theories requires 

explanation. 

3.3 Design Loads in Tunnel Design  

This section will provide an overview of early approaches to design loads, common analytical solutions 

for shallow and deep excavations, and the common industry standard for two-dimensional numerical 

analysis.   

3.3.1 Early Approaches  

Early tunnel design, in difficult ground, focused on cavity support as opposed to face support. In 1946, 

Terzaghi stated the following principles for the approximation of the vertical load (Pv) of the support, 

based on excavation width (b) and material density (γ):  

a. In solid stratified rocks the greatest load will result from the largest block likely to develop 
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i. Horizontal Stratification Pv = 0.5bγ  

ii. Vertical Stratification Pv = 0.25bγ  

b. In moderately fissured, uniform solid rock Pv = 0.25bγ  

c. In fractured rock (vicinity of faults), and sand (dense and loose) Pv =α(b+ht) where ht is the height 

of the excavation and α ranges from 0 to 1.38 depending on the material and conditions, as 

illustrated within a table produced by Terzaghi (1946).  

For case (c), pre-existing theory had previously been published to estimate the ground load. The first such 

pre-existing theory belonged to Bierbaumer (1912) who characterized a bulb defined by a region that was 

parabolic in shape, as shown in Figure 3-5a. According to Szechy (1966), the accuracy of this theory, 

could not be completely verified in practice (field or laboratory). According to Terzaghi (1943), other 

theories by Caquot in 1934 and Vollmy in 1937 were proposed, but similar to Bierbaumer’s, these too 

could not be replicated with physical test results. As noted by Szechy (1966), the next development 

regarding the estimation of ground loads came from Eszto (1939). Eszto’s theory was only considered 

suitable for clarifying potential pressure variations under varying conditions by establishing proportions 

and relationships (i.e. effect of overburden on loading) (Figure 3-5b). Terzaghi’s ground arch theory, 

which assumed cohesionless, dry, and granular soils, was the first sound theory, and could be extended to 

cohesive soils (Figure 3-5c).  

 

Figure 3-5: Development of cross sectional ground loading: a) Bierbaumer theory (1912); b) Eszto’s  

rock pressure theory (1939); c) Terzaghi’s ground arch concept above a cavity (1946).  
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3.3.2 Terzaghi’s Ground Arch Theory 

The fundamental element of Terzaghi’s ground arch theory stems from silo theory (Janssen 1895) and 

Rankine (1857) theory on active and passive states. Terzaghi employed the silo theory solution of Kotter 

(1899) which removed the simplified assumptions of Janssen. Silo theory took into account the shearing 

resistance of the ground to approximate the loading conditions on the roof of the tunnel as well as the 

wedges in the excavation boundary that have geometry as defined by the Rankine passive state. 

Terzaghi’s experiences support the assumptions built into his tunnel design approaches, which include 

that the moisture content of the ground (assumed sandy soil) will provide sufficient cohesion to maintain 

the working face in small drifts without lateral support (Terzaghi, 1943). Therefore, limited 

considerations were taken with regards to the tunnel face prior to the introduction of NATM and 

ADECO-RS.  

3.3.3 Convergence-Confinement Method  

Convergence-Confinement Method (CCM) (AFTES, 1983) stems from Kirsch’s (1898) early elastic 

solution for a hole in a plate. The first addition of a plastic zone into the same analysis as a ground 

reaction curve (GRC) is attributed to Fenner in 1938 (Hoek 2001).  Prior to the inclusion of ground 

loosening by Pacher (1964), the importance of including a plastic analysis, with respect to tunnel design, 

was not significant. As depicted in Figure 3-1, the ground loosening section of the ground reaction curve, 

indicated to the tunnel designers the importance of the timing and location of the ground support being 

installed. The location of support installation with respect to distance from the tunnel face, however, was 

hard to quantify by conducting axisymmetric numerical analysis, until the introduction of the longitudinal 

displacement (denoted in this thesis as LDP1995) profile by Panet (1995). Panet’s work encouraged tunnel 

designers to conceptualize an ideal support installation location with respect to the tunnel face as well as 

the support response in terms of displacement within the ground reaction curve. For large plasticity zones, 

however, Panet’s work was found to be inaccurate. This issue was resolved by Vlachopoulos and 
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Diederichs (2009) through an improved longitudinal displacement profile (denoted in this thesis as 

LDP2009), which took into consideration the effect of the plastic zone developed ahead of the tunnel face. 

As illustrated in Figure 3-6, once the LDP2009 was generally accepted by industry, tunnel designers were 

afforded a more accurate representation of the system behavior after the support was installed. Further 

explanation of CCM will be addressed in Chapter 6. Notable discrepancies between CCM and GeoFit 

(previously mentioned in Section 3.2.1.1.) include CCM’s incorporation of geomechanical properties to 

allow for accurate prediction of the ground response, while GeoFit functions purely as an empirical based 

approach.          

3.3.4 Two-Dimensional Analyses  

The current industry standard practice is the employment of 2D numerical analysis for the design and 

analysis of tunnel construction. This standardization is primarily due to the extensive computation time 

Figure 3-6: Convergence-confinement method Illustration (Vlachopoulos and Diederichs, 2009) 
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required for 3D analysis (addressed in a subsequent section). Two different types of 2D analysis exist for 

tunnel design: plane-strain and axisymmetric.    

Plane-strain analysis is similar to the convergence-confinement approach as both rely on the 

assumption of displacement (pre-displacement) which must occur before the support can be installed 

within the numerical model. For example, in deep tunnels CCM can be employed to approximate the pre-

displacement of the numerical model, which is approximately 30% of the final convergence 

(unsupported) for elastic conditions (Steindorfer, 1998). For plastic (squeezing) unsupported conditions, 

Vlachopoulos and Diederichs (2009) found that the pre-displacement results are <30%.  To date, a pre-

displacement value has not been quantified for shallow conditions; however, Volkmann (2003) found 

over 12m section of monitoring at a shallow tunnel that 48-66% of the final displacement (supported) 

occurred ahead the tunnel face. The large variability was explained by the different response of the 

convergence if there was an overlap of the umbrella arch or not. Additionally, Volkmann and Schubert 

(2007) found a maximum of 80% of the final displacement (supported) has been captured at a select site. 

Methodology required to find the appropriate pre-displacement for deep excavation is well documented 

within Vlachopoulos and Diederichs (2014).  

Axisymmetric models remove the required assumption of pre-displacement, but assume the 

excavation geometry is circular with a uniform (normal to the tunnel wall) stress condition based on the 

geometric rotation around the axis of symmetry. Axisymmetric models can also be employed in order to 

quantify the pre-displacement for plane-strain analysis, if the excavation is deep enough for the 

axisymmetric assumptions to be valid. To date, the required depth has not been quantified but remains a 

function of material strength, enabling the boundary effect of the surface to be ignored, which requires a 

degree of engineering judgment. 

Both versions of 2D analysis restrict the application of select umbrella arch systems within the 

model. If employed in an axisymmetric analysis, the support is assumed to be installed around the 

complete circumference of the tunnel excavation, which does not occur in practice. The only way to 
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simulate the umbrella arch in plane-strain analysis is through the “very crude” method proposed by Hoek 

(2001) of an improved homogenous region. Volkmann et al. (2006) state that this method corresponds to 

the occurrence of grout elements of an umbrella arch penetrating and overlapping one another within the 

ground. Volkmann et al. continue to state that while the method may capture the general trends of the 

support system for the other umbrella arch type (forepole and spile without penetrating connecting grout), 

an accurate representation of the mechanical response of the umbrella arch is not possible. Peila (2013) 

also argues that quantifying the homogenous improved zone in terms of the improved homogenous 

thickness and strength parameters proves difficult within Hoek’s method.  

Two-dimensional analysis is also useful for the simulation of complex geology (joints, veins, 

bedding, etc) in an effort to approximate a homogenous approach for 3D analysis. Similarly, 2D analysis 

has been employed to quantify localized loading conditions for structural support elements too 

complicated to fully capture in a 3D analysis. An example of one 2D simplification is the work produced 

by Doi et al. (2009) which assessed the spacing of forepole elements. Further details of the incorporation 

of 2D analysis in the design of umbrella arch systems will be explained in detail within Chapter 5.  

3.4 Development of Face Stability  

According to Anagnostou and Kovari (1994), Horn can be credited for first proposing a three-dimensional 

approximation of tunnel face stability in 1961. This method proposed a limit equilibrium approach which 

considers two infinitely rigid bodies, as illustrated in Figure 3-7B. Research on face stability, nonetheless, 

was purely empirical or theoretical until Broms and Bennermark (1967) published their work for stability 

criterion based on laboratory extrusion (clay) tests and field observations. Since then, numerous authors 

have conducted different experimentation and/or numerical analysis to propose their own limit 

equilibrium solution. Leca and Dormieux (1990) created their own equilibrium solution which consisted 

of upper and lower bound models as shown in Figure 3-7A. The upper bound is based on loads 

considering a kinematically admissible failure mechanism while the lower bound is founded upon static 

equilibrium. Additionally, Leca and Dormieux (1990) proposed three different geometrical configurations 
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based on conical block(s). The additional complexity of Leca and Dormieux (1990) produced greater 

accuracy in results when compared to Horn’s (1961) solution, due to the range of possible failure 

geometries. In terms of geometries, further complexity for face stability analysis is outside the scope of 

this research, however, a solution by Dias and Oreste (2013) which includes an umbrella arch system 

within the analysis will be further explained.  

   

 

Figure 3-7: Face stability models: A) Leca and Dormieux (1990) failure mechanisms (M) I to III; B) 

Horn (1961); and C) Dias and Oreste (2013)  

In comparison to Horn’s model, Dias and Oreste (2013) represented the lower block as a 

tetrahedron, instead of a prism, and the upper block as a prism, instead of a cuboid (Figure 3-7C). Their 

work illustrated the reduction of applied stress on the working face and the beneficial influence of the 

umbrella arch within the unsupported span. The influence of the forepole element was modelled as a 
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reduction of loading stress, on block one, based on the length of intersection with block one. For the given 

case study illustrated in Dias and Oreste (2013), this reduction of stress was found to be very minor for 

varying unsupported spans (0-8m), resulting in a perceived insignificant influence of forepole elements on 

face stability.  

The assumptions created by Dias and Oreste agree with Peila’s (2013) understanding (as 

previously explored), but omit significant influence of the mechanistic response of the support system due 

to yielding. For example, the resulting resistant load, p, of an individual forepole element within the 

model is restricted to a maximum linear load, pmax. If p is greater than pmax then it is assumed that no 

resistance is applied, resulting in p=0 (i.e. forepole failed). This condition is mechanistically incorrect, 

however, because if an individual forepole element did reach its maximum applied load, the element 

would yield with the ground material while still applying some resistance. Additionally, consideration 

regarding the resistance of the forepole element is not equal to consideration regarding other face support. 

As explained in Oreste and Dias (2012), the fibreglass dowels used for face support are modelled to take 

into consideration the shear force, bending moment, and axial force of the dowels on block one, whereas 

the forepole elements only influence block two.       

3.5 Three-Dimensional Analysis  

Chapter 5 of this thesis deals with the complexity of three-dimensional analysis with regard to proper 

simulation of the forepole structural elements within a numerical model, as well as optimization of the 

forepole design. As a complete chapter is dedicated to the three-dimensional analysis, 3D analysis will 

only be summarized here. The requirement for 3D design of the forepole element stems from the 

publication by Hoek (2001). While Hoek’s 2D homogenous approach to analysis of umbrella arch 

systems has been thoroughly criticized, the critical authors failed to acknowledge that Hoek also 

mentioned that 3D numerical analysis is the correct way to model the umbrella arch. Hoek suggests that 

the forepole of the umbrella arch system should be simulated as a structural element embedded in the 

rockmass (3D mesh). By choosing to employ FLAC3D (Itasca, 2009), a finite difference method, the 
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author has therefore followed Hoek’s recommendation for assessment of umbrella arch systems. The 

structural elements, however, further complicate the modelling process through the inclusion of the 

required interaction parameters to simulate the support-ground material interface. A detailed explanation 

of the interaction parameters, as well as the complexity and proper way to simulate the forepole element 

within a 3D analysis are presented in Chapter 5. The author also employed RS3 (Rocscience, 2014) a 

finite element method, in Chapter 7, which uses a similar structural element to FLAC3D.  

3.6 Relevance to Research  

The development of the observational approach, design loads, and face stability has been presented within 

this chapter.  These developments illustrate the relative novelty of the umbrella arch system within the 

tunnel engineering field as well as the importance of the umbrella arch in collaboration with other support 

systems (i.e. rockbolts, steel sets, shotcrete, etc.). An understanding of stresses and displacements ahead 

of and near the tunnel face (in both radial and longitudinal directions) is still a subject of current research 

within the industry. The author has incorporated the most relevant theories, numerical analyses, and 

models in order to capture a state-of-the-art mechanistic response of the umbrella arch system within such 

observational frameworks.   
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Chapter 4 

Umbrella Arch Nomenclature and Selection Methodology for Temporary 

Support Systems for the Design and Construction of Tunnels1 

4.1 Abstract  

This paper argues that there is a requirement for standardized nomenclature and a selection methodology 

for a particular class of temporary support. The authors have chosen the term Umbrella Arch (UA) to 

define the method of support that acts as pre-support that is installed during the first pass of the 

excavation around and above the crown of the tunnel face. The UA supports the rock mass and the tunnel 

face predominately by transferring loading longitudinally through the interaction of the support and 

surrounding ground condition. There are three categories of UA. Categorization depends on the type of 

support element used. These elements include: (1) Spiles; (2) Forepoles; and (3) Grouted. These 

categories can be further divided into 11 sub-categories quantified by the amount of grout utilized in the 

installation. The sub-categories are justified by the employment of each sub-category within a support 

selection methodology for an UA; this was created by the authors based on experience and through a 

comprehensive literature search that included published papers as well as design reports. The collection of 

publications has resulted in 141 permutations of different temporary tunnel supports in varying weak and 

difficult geological conditions. The UA support selection methodology was created to aid tunnel 

designers in these conditions with the basic concepts for the appropriate selection process for an UA. 

Furthermore, the authors quantified the support selection methodology through the employment of other 

pre-existing design charts and empirical evidence to create a new design tool, the UA selection chart. 

Overall, this paper hopes to achieve the creation of an international standard with respect to UA and UA 

                                                      

1 This chapter appears as published in an international journal with the following citation: Oke, J., Vlachopoulos, N., 

& Marinos, V. (2014). Umbrella arch nomenclature and selection methodology for temporary support systems for 

the design and construction of tunnels. Geotechnical and Geological Engineering. 32(1):97-130. DOI 

10.1007/s10706-013-9697-4.  
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support element nomenclature, and a better understanding for the selection of a particular UA 

subcategory. 

4.2 Introduction 

Varying geological conditions can lead to complications with respect to underground works and 

tunnelling excavations. Weak rock masses (or granular material with low cohesion) that are encountered 

during excavation (whether foreseen or unexpected) can require additional and ingenious means of 

temporary support measures to prevent failure of the ground. Pre-support (Sadaghiani and Dadizadeh 

2010),  pre-confinement (Lunardi 2008), auxiliary method (Kimura et al. 2005), and pre-improvement 

(Song et al. 2006), are additional means of initial, temporary support utilized in tunnel construction when 

there is a requirement for support ahead of the tunnel face. Pre-support is divided into two fundamental 

methods: (a) face support, and (b) support added in the vicinity of the crown above the face 

(Figure 4-1, yellow region). While the debate about these two pre-support methods has generated interest 

in the tunnelling community, identification of the superior method is outside the scope of this paper. This 

paper focuses on the pre-support in the locality above the face at the crown of a tunnel excavation 

Figure 4-1: Umbrella Arch design parameters, illustration of a Forepole confined Umbrella Arch. 

The yellow shaded region defines the applicable zone of where the Umbrella Arch is installed 

(category b). The other pre-support (category a) is installed within the unexcavated tunnel zone 

only. He height of excavation 
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(category b) strictly during the first pass of the excavation (or at the portal). Pre-support installed from the 

surface, from adjacent excavations, and within or around a pilot tunnel are outside the scope of this paper. 

Additionally, the pre-support schemes investigated provide reinforcement by strengthening the 

surrounding geological material through the interaction between the support elements installed and the 

soil/rock mass. An in-depth literature review of relevant methods of crown support reveals a complicated 

and confusing use of terminology that describes relatively the same fundamental support types by 

function. The authors have accepted the general term of the temporary support arrangement (category b) 

as an Umbrella Arch (UA) (Appendix 1) which encompass the following exhaustive list of support 

elements within the terminology cited in literature: Forepole (Hoek 2007), pipe roofing (Gamsjäger and 

Scholz 2009), pipe roof support (Volkmann and Schubert 2007), pipe roof umbrella, steel pipe umbrella, 

UA method (Ocak 2008), umbrella vault (Leca and Barry 2007) long span steel pipe fore-piling (Miura 

2003), steel pile canopy (Gibbs et al. 2007), sub-horizontal jet-grout columns (Coulter and Martin 2006) 

canopy technique: jet-columns (Croce et al. 2004), and Spiles (Sp) (Trinh et al. 2007; Hoek 2007). 

Further investigation reveals that for each of the previously listed temporary support elements there are 

noted differences in their use, application and/or interaction with the soil/rock mass (i.e. in terms of 

stiffness and grout). The UA definition alone does not address the usage and functional differences of the 

cited terminologies. Additional categories are warranted to further filter the terminology. However, 

selected terminologies commonly used in the literature are loosely defined, resulting in conflicting 

categories (further explained in subsequent sections). Therefore, a standardized nomenclature of support 

types is warranted in order to ensure that tunnelling engineers and relevant practitioners communicate 

effectively and adhere to an accepted universal standard. These categories and sub-categories are 

presented herein as a standardized nomenclature for these support types.  

To further organize and differentiate between the various temporary support sub-categories that 

exist within the standardized nomenclature presented herein, the authors also introduce a support selection 

methodology for an UA based on geological features, anticipated or observed failure mechanisms, impact 
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of water presence, as well as relevant, in situ considerations. This support selection methodology will aid 

the tunnel design engineer to select the appropriate type of UA subcategories under certain conditions. 

This support methodology has been further quantified within the herein, developed Umbrella Arch 

Selection Chart (UASC) that is substantiated primarily by relevant UA applications cited in literature, and 

with other design charts. As such, the UASC (and the antecedent design methodology) that has been 

developed in this paper has been empirically and numerically substantiated; empirically verified using 

141 cited publications (and design reports) of tunnels that utilized such support schemes in various 

geological conditions; and numerically supported through additional literature review that captures the 

improvement trends, from numerical analysis, of subsidence under different geological conditions and 

UA support systems. 

4.3 Background 

The design parameters associated with the support elements consist primarily of: length (L), angle of 

installation, overlap of successive UAs, spacing between support elements, diameter of support elements 

(Figure 4-1), and grouting pressure. Selected researchers (Song et al. 2006) have attempted to optimize 

selected design parameters of UAs. However, without a clear determination of when to utilize a certain 

support type within certain ground conditions, optimization of temporary support element arrangements is 

not possible. As such, investigating pre-existing UA support systems employed in tunnelling projects 

around the globe in different geological conditions has provided insight into the relevance of a particular 

support element for certain conditions. In addition, the investigation found that the nomenclature of the 

support elements utilized in tunnelling projects around the globe, which are of similar function and have 

similar design parameters, must be standardized. An example of an attempt at optimization of support 

elements without a standardized or clear definition can be seen within Song et al. (2006). Song et al. 

(2006) conducted a parametric analysis by varying the design parameters of UA support elements. The 

parametric analysis consisted of (but was not limited to) varying the diameter of the tunnel and the length 

of the support elements from 10–30 to 6–18 m respectively. Even though the parametric analysis captured 
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the positive trends, with respect to convergence, of an increase in the length of the support, Song et al. 

(2006) did not address the condition of a support length (Lf) less than the height of the tunnel excavation 

(He). Many researchers have distinguished the two types of support element lengths: a length smaller than 

the tunnel excavation height (Lf<He); and a support element length larger than the excavation height 

(Lf>He) (Miura 2003; Peila and Pelizza 2003; Volkmann and Schubert 2006; Leca and Barry 2007; 

Wittke et al. 2006; Tuncdemir et al. 2012; Fang et al. 2012). A comparison of support elements (Table 

4-1) illustrates two types of supports defined in the literature based on the work of Tuncdemir et al. 

(2012) and Wittke et al. (2006).  

Table 4-1: Example of conflicting nomenclature of Umbrella Arch support elements and design 

parameters 

 (Tuncdemir, et al. 2012) 

Typical Reference  

Excavation Type: Metro Tunnel 

(He = *6.87m) 

(Wittke, Pierau and Erichsen 2006) 

Typical Reference  

Excavation Type: Highway Tunnel  

(He = *8.85-*14m) 

L
f 
<

 H
e
 

Length 

F
o
re

p
o
le

 

3-4m (sometimes 5m) 

S
p
il

es
 

3-6m (12m if grout injected) 

Angle 5-10° 5-15° 

Overlap ¼-¾ of length (generally ½) 0.8-1.2m 

Spacing No Reference Max 30cm 

Size 32-38.1mm 25-28mm 

L
f 
>

 H
e
 

Length 

U
m

b
re

ll
a

 A
rc

h
 

9-16m 

P
ip

e 
U

m
b

re
ll

a
 

15-30m 

Angle 6-8 ° ~5° 

Overlap ¼-¾ of length (generally ½) Min 3m 

Thickness *3.65mm 8-25mm 

Spacing *30cm 30-50cm 

Size 114mm 76-200mm 

*Note: Not generalized values, values from selected authors published case studies  

He: height of excavation  
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It is evident that the support types and dimensions included in Table 1 cause some confusion in 

terms of naming supports. A clear design parameter that divides both of the referenced authors’ 

definitions in Table 4-1 is the support length. In general terms, what Tuncdemir et al. (2012) define as a 

Forepole, Wittke et al. (2006) call a Spile. Further, for similar functions, the cited authors use dissimilar 

terms for similar support functions; one uses UA while the other uses Pipe Umbrella. The smaller 

supports (Forepole and Sp) have a length of support smaller than the typical excavation height referenced. 

Similarly the larger supports (UA and Pipe Umbrella) have a length of support greater than the typical 

excavation height referenced. Furthermore, in comparing the other design parameters in Table 4-1, 

Forepoles (Fp) and Sp are generally installed at greater angles, smaller size, and with closer spacing than 

the larger UA and Pipe Umbrella elements. These differences exist because the selection of shorter 

support elements is usually based on structural (geological) failure type and/or availability of proper 

installation equipment. The selection of longer supports is commonly based on preventing complete 

failure of the tunnel face, or to minimize the convergence of the tunnel in order to minimize surface 

settlements. Therefore, the failure mechanism and the risk of convergence in practice dictates the 

selection of the UA support elements. 

As previously stated, standardized nomenclature is required, with respect to the use of the 

appropriate support elements as part of the UA, in order to properly address a variety of expected 

geological failure modes. This standardization will serve to regulate terminology and prevent conflicting 

technical terms associated with temporary support elements that constitute an UA. An example of such 

conflicting terminology is evident in the works of Hoek (2007) and Tuncdemir et al. (2012). The 

respective publications utilize the same terminology in order to define two, separate support 

arrangements. Hoek (2007) refers to the smaller supports as Sp, and the larger supports as Fp, while 

Tuncdemir et al. (2012) refer to the smaller supports as Fp, and the larger supports as an UA. Hoek (2007) 

states that the length of a Forepole is typically 12 m, while Tuncdemir et al. (2012) state the typical length 

is 3–4 m. The discrepancies that currently exist with regard to the definitions of such support elements 
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may, potentially (yet critically), not perform with the same mechanical behaviour of the support element-

rock mass/soil interaction (i.e. support element choice has a range of length and stiffness that affect its 

performance and mechanical behaviour). Hence, without a requirement for a standardization of 

terminology, conflicting terms could arise which could lead to confusion when communicated amongst 

engineers and when handled by construction project personnel within the context of international 

collaborations. The resulting lack of clarity could also lead to wasted resources (mainly cost) for both the 

contractors and their clients. 

Other publications have attempted to rectify the other related discrepancies through a 

classification based on the differences and similarities of certain support schemes. An example of such a 

classification can be found within the works of Peila and Pelizza (2003) as summarized in Table 4-2. 

Peila and Pelizza (2003) listed the most common ground reinforcement techniques that provide 

improvement, reinforcement, pre-support, and drainage past the tunnel face (i.e. into the rock mass in 

front of the tunnel face). However, Table 4-2 only lists the division of support elements with respect to 

the generalized geological material conditions. Factors involving impact on subsidence, water conditions, 

and type of failure conditions have not been taken into consideration; key mechanisms that must be taken 

into account at the design stage. This paper further expands upon the classification of interventions a–c 

(in Table 4-2of Peila and Pelizza (2003) in isolation and/or in combination with each other. The other 

methods cited in Table 4-2 (i.e. d–h) have not been investigated as their techniques are not a first pass 

construction-type system and/or do not take into consideration strengthening and interaction between the 

support installed and the surrounding geological material. Additional methods exist that have been 

classified as pre-support but are not included within Table 4-2. These methods have been employed in 

tunnelling works in difficult terrain and are often compared to an UA method. However some of these 

methods fall outside the scope of an UA, they are included herein in order to distinguish and further 

clarify the UA as defined by the authors (Appendix A). For clarification, an UA, as defined by the 

authors, is a pre-support method that is installed during the first pass of excavation from within the tunnel, 
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above and around the crown of the tunnel face, that reinforces through the interaction of the support and 

the rock mass/soil. The three categories and ensuing 11 sub-categories of an UA will be explained in 

subsequent sections and summarized in Appendix A. 

Table 4-2: Field of application for different types of intervention (modified after Peila and Pelizza 

2003) 

Type of Intervention 

Field of Application 
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te
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a) Grouting 1 X    

b) Jet-grouting 2 X 3   

c) Umbrella-arch X 4 X X X 

N
o
n

-i
n

v
es

ti
g
a
te

d
 

m
et

h
o
d

s 

d) Fibreglass elements X 5  6  

e) Pilot tunnel precut X X X X X 

f) Pre-tunnel X X  X  

g) Freezing  X X   

h) Dewatering 7 X X X  

Note: The interventions listed in this table can be combined in order to guarantee safe tunnelling conditions in 

almost all geotechnical conditions. Grouting, jet-grouting, freezing and dewatering can normally be applicable 

also when tunnelling under the water table. The other interventions when the tunnel is under the water table must 

be combined with permeability reduction techniques. 

1) Chemical grout 2) Two or three fluid jet grouting 3) Steel rebar or pipe reinforced jet grouting 4) Additional 

grouting 5) Additional grouting 6) High resistance element 7) Active dewatering (vacuum pump required) 

 

4.3.1 Other Pre-support Methods 

There is an abundance of varying methods of temporary support about the crown that do not fall under the 

definition of the UA (Appendix A) (Schumacher and Kim 2013, Sadaghiani and Dadizadeh 2010; Leca 

and Barry 2007). Selected authors have erroneously compared cited support methods to an UA or have 
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suggested that these methods belong within the classification of an UA. Examples resulting in such 

possible misclassifications are: the Concrete Arch Pre-Supporting System (CAPS) and pre-vault methods. 

These methods are the focus of the sub-sections below. 

4.3.1.1 Concrete Arch Pre-supporting System (CAPS) 

CAPS is the process of creating side audits of pre-existing tunnels, which can then be used to excavate 

arches above the existing tunnels (see Figure 4-2). Subsequently, these arches are further reinforced to 

provide protection of the unexcavated zone. In Sadaghiani and Dadizadeh (2010) a new method of CAPS 

is purported to be superior to using an UA. Sadaghiani and Dadizadeh (2010) state that CAPS is generally 

more cost and time effective when compared to Forepoling and Grouting pre-support systems. An 

important consideration, however, is that the CAPS system is primarily used for large-span underground 

excavations, such as in the expansion of existing tunnels into underground caverns (i.e. underground 

metro stations). It is not, however, a first pass method which is a stipulation of the UA, as defined by the 

authors. 

 

Figure 4-2: CAPS sequence of construction (modified after Sadaghiani and Dadizadeh 2010). 1) 

Side and top audit excavation. 2) Side pile foundation excavation. 3) Construction of side pile 

foundations. 4) Excavation of arch. 5) Construction of support arch. 

4.3.1.2 Pre-vaults 

Pre-vault or forevault is another method that falls outside of the scope of this paper but has been included 

for completeness as it is an “at” or “above” face method. This method does not strengthen the rock mass 

or include support/rock mass interaction. Instead, the method cuts out a 15–30 cm thick portion of the 

rock sub-parallel to the tunnel from the face to a max depth of 5 m (Leca and Barry 2007). The void 

created is then filled with shotcrete, creating a shell-like structure similar in shape to the UA arrangement 

as shown in Figure 4-3. 
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Figure 4-3: Principle of the prevault technique (modified from Leca and Barry 2007) 

4.3.2 Umbrella Arch Categories 

The UA is most often employed within conventional tunnelling approaches. Its application, however, is 

not limited to conventional tunnelling techniques, as it has also been employed in conjunction with tunnel 

boring machines (TBM). An example of such an application is the open TBM that was used as part of the 

Niagara Hydroelectric Tunnel, Niagara Falls, Ontario, Canada (Gschnitzer and Goliasch 2009).  

The UA support can be further divided into three different categories based on the support 

elements used. These support elements are divided by their physical properties. These subcategories 

consist of: Sp, metallic longitudinal members that are shorter than the height of the tunnel (He); Fp, 

metallic longitudinal members that are longer than He; and Grouted (G), an UA element that simply 

consists of grout. The main contrast between Sp, Fp, and Grouted are that the systems vary in their 

respective stiffness, costs, and time commitment for installation if used within their applicable ranges 

(Volkmann and Schubert 2007, Tuncdemir et al. 2012). These categories are in agreement with Fang et al. 

(2012); however, Fang et al. (2012) use different terminology for these categories. The terminology 

presented in this paper is based on other authors (example: Hoek (2007), and industry (example: 

Dywidag-Systems International (2012)) nomenclature that has been previously utilized and accepted. 

Further explanations of the three different categories and ensuing sub-categories are found in subsequent 

sections. An illustration of the UA sub-categories and their associated range of design parameters 
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Table 4-3: Divisions of Umbrella Arch and the associated range of case data design parameters 
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(according to an extensive literature review) are shown in Table 4-3. Furthermore, Table 4-3 also states 

the number of associated case-study publications for each subcategory (in brackets) as well as the selected 

range of design parameters and geological conditions for each sub-category. Table 4-3 also includes 

additional abbreviations [confined (C), double (d), continuous (c) and open Grouted (o)] used in 

conjunction with the previously defined abbreviations to name the subcategories of the UA. These 

abbreviated names have been illustrated in Figure 4-4 and will be further elaborated upon in subsequent 

sections. 

 

Figure 4-4: Illustration of the nomenclature for the Umbrella Arch method of pre-support. SpGUA 

Spile Grouted Umbrella Arch, SpCUA Spile Confined Umbrella Arch, SpGcUA Spile Continuous 

Grouted Umbrella Arch, FpCUA Forepole Confined Umbrella Arch, FpGUA Forepole Grouted   

Umbrella Arch, FpdGUA Double Forepole Grouted Umbrella Arch, FpGoUA Forepole Open 

Grouted Umbrella Arch, FpGcUA Forepole Continuous Grouted Umbrella Arch, FpGdcUA 

Forepole Double Continuous Grouted Umbrella Arch, GoUA Open Grouted Umbrella Arch, GcUA 

Continuous Grouted Umbrella Arch.  
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4.3.2.1 Spiles 

Spiles (Sp) are classified as longitudinal supports with a length measuring less than the He. Sp are 

habitually installed when the geological structure itself controls a possible local failure of the portion of 

the tunnel (Volkmann and Schubert 2006). Furthermore, Sp are inserted at a range of angles of 5°–40° to 

the horizontal plane of the longitudinal axis of the tunnel excavation in order to attempt to achieve 

adequate structural control and proper embedment (Vardakos 2007). It is suggested that the centre-to-

centre spacing of Sp be <30 cm. In addition, such spacing is stipulated as a safety requirement that 

protects workers from spalling/ravelling or large wedge-type failures which could fall between the 

individual support elements. The overlap of the Sp is directly linked to the potential problematic 

reoccurring rock mass structure that may be present within the tunnel profile. Typically, the overlap is 

half of the overall Spile length but ranges from 1/3 to 2/3 of the Spile length. The size of the Sp normally 

matches standardized rebar with diameters ranging from 25 to 50.8 mm. However, pipes with similar 

exterior diameters, as well as those up to the size of 101.6 mm have been used, for larger excavations. 

Illustrations of Spile design layout can be found within section 4.7.1. 

In low confinement stress conditions such as in Spile Grouted Umbrella Arches (SpGUA), it is 

easier to apply grout, through a perforated or non-perforated pipe, in order to lock in the Spile. However, 

in instances of high confinement, grout may not be required as it will be confined in place; such is the 

case with Spile Confined Umbrella Arches (SpCUA). In selected cases grout is not required as the pipe 

cavity closes during the drilling process. This was certainly the case, at the Niagara tunnelling project 

(Niagara Falls, Canada) where 3–5 % of the Spile pipes drilled were not able to reach their required depth 

due to the high stress conditions (Gschnitzer and Goliasch 2009). When the grain size is greater than 

gravel and ground improvement is required, Sp (or Fp) can be used in order to inject grout into the 

ground; this was denoted in Table 4-2 as the jet-grouting intervention under the field of application of 

terrain with boulders. An illustration of the various Spile applications with respect to grout can be found 

in Figure 4-5a–c. These are: (a) SpGUA, grout only fills the annulus between the Spile and the ground 
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material; (b) SpCUA, Spile is confined in its location due to the converging ground; and (c) SpGcUA, 

penetration of grout will connect to the neighbouring penetrating grout.  

 

Figure 4-5: Divisions of Spiles and Forepoles. A–C) divisions of Spiles within the umbrella arch 

(cross-sectional view of support element). A) SpGUA, grout only fills the annulus between the spile 

and the ground material; B) SpCUA, spile is confined in its location due to the converging ground; 

C) SpGcUA, penetration of grout will connect to the neighbouring penetrating grout. Illustration 

shows a solid bar acting as the spile, however, pipes can also be used for this purpose. D–F) 

divisions of Forepoles within the umbrella arch (cross-sectional view of support element). D) 

FpGUA (FpdGUA), grout only fills the annulus between the Forepole and the ground material, E) 

FpCUA, Forepole is confined in its location due to the converging ground, F) FpGoUA, penetration 

of grout will not connect to the neighbouring grout Forepole for open applications. FpGcUA, 

(FpGdcUA) penetration of grout will connect to the neighbouring penetrating grout Forepole 

continuous application. Illustration shows a pipe acting as the Forepole, however, sold bars can be 

used 

Another consideration for the use of Spile support in order to construct the UA is the availability 

of equipment and length of the geological trouble region. Rockbolt installation equipment can easily be 

modified in order to install Sp, if Forepole installation equipment is not available. Furthermore, the size of 
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the typical Forepole installation equipment is usually larger than equipment used to install rockbolts and 

could prove prohibitive in accessing shaft or side audits during a tunnel excavation. If a fault zone or 

small zone of weak structure is to be crossed by the tunnel alignment, it could be more economical to 

adapt the rockbolt equipment rather than to bring in Forepole equipment. It is important to note that is 

also possible to install Forepole elements with equipment used for Sp, if the Fp are installed in segments. 

4.3.2.2 Forepoles 

Forepoles are installed when a difficult and/or weak material is encountered for a large portion of the 

tunnel alignment and where there is a large potential for multiple geological structures of unfavourable 

orientation to contribute to a possible failure. As previously mentioned, Fp have a larger diameter than Sp 

and their lengths are greater than the height of excavation. The stability of the face of the tunnel is derived 

by the fact that the Fp are long enough to embed themselves past the empirically derived Rankine active 

line, as shown in Figure 4-6. This design length is generally in agreement with Wang (2012), Fang et al. 

(2012), and Wittke et al. (2006). Another consideration for the length is that it exceeds the ensuing plastic 

region around and ahead of the face within these weak rock regions as illustrated in Vlachopoulos and 

Diederichs (2009). In addition, the angle of installation is shallow and typically between 3° and 8° from 

Figure 4-6: Illustration of the Rankine failure line of a Double Forepole Confined Umbrella Arch 

(FpdGUA) (modified after Wang 2012) 
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the horizontal in the longitudinal direction of the tunnel alignment. The typical theoretical drilling 

accuracy is ±2 % relative to the pipe length (Mager and Mocivnik 2000). The centre-to-centre spacing of 

the Fp is within the range of 30–60 cm; however, the spacing is defined by the requirement to create an 

individual arching effect between two sets of Fp (overlapping influence of support elements). The arching 

effect is also defined by the size of the Fp, which has an outside diameter of 60–168.3 mm and a wall 

thickness of 5–10 mm. The overlap of the Fp range, between 0 and 1/2 of the Forepole’s length. The 

range usually depends on the use of additional pre-support methods that aid in the prevention of collapse 

of the face, such as face bolting. If the overlap of the successive Forepole UA’s is greater than 1/2 of the 

Forepole length, it is referred to as a double Forepole as there will always exist two layers of support 

between the tunnel wall and surrounding rock mass. 

An illustration of the various Forepole applications with respect to grout can be found in Figure 

4-5d–f. (d) Fp can also be installed without grout, depending on the confinement (FpCUA—Figure 4-5d). 

(e) However, if convergence must be controlled, the system can also be stiffened with the inclusion of 

grout (FpGUA—Figure 4-5e). (f) If the system must be further stiffened or the inflow of water is an issue, 

grout can be employed to strengthen the material properties of the surrounding material (FpGoUA—

FpGcUA—Figure 4-5f). Depending on the risk, the stiffness or zone of permeability can be strengthened 

by ensuring that the grout penetration is being overlapped and/or by adding a second layer of 

reinforcement (overlap>L/2) (FpdGUA—FpGcdUA). 

4.3.2.3 Grouted 

Grouting is commonly used in tunnelling projects as a preventive measure to control water seepage. It is 

also used to strengthen ground material, fill voids, secure bolts and rods (Sp or Fp), and, in the case of 

drilled holes, act as anchors (Warner 2004). This sub-category of UA support is referred to only when 

grout is used independently. Installation is similar to the installation required for Fp and Sp in terms of 

angle of installation and overlap. Spacing, however, is defined by the allowable grouting pressure (which 

will ultimately define the radius of grout) as well as the requirement for the grouted zone to be connected 



 

  

 

69 

(i.e. each grouted support element is installed separately but attached to the adjacent elements, providing a 

continuous or uninterrupted arch structure) or open (i.e. each grouted support element is installed 

separately with spaces between the elements that create the arch structure). These types of grouted 

Umbrella Arches have been sub-categorized as grouted continuous Umbrella Arches (GcUA) and grouted 

open Umbrella Arches (GoUA) respectively. The length of a grouted UA depends on the availability of 

equipment but typically it is more economical to grout within the range of length of a Forepole (i.e. the 

length of the longitudinal support element that comprises the UA is greater than the height of excavation). 

Since grout was first introduced in the 1800s as a means for reducing water leakage (decreasing 

permeability, κ) in bedrock underlying dams (Warner 2004), many types of grout have been developed 

for a variety of conditions as shown in Figure 4-7. Furthermore, an understanding of the grout/material 

interaction has advanced significantly. The strength and/or reduction of a soil’s expansiveness and the 

resulting reduction of swelling due to the mixture of calcium and clay soil, is one such advancement 

(Warner 2004). Grouting techniques can also increase the soil’s cohesion strength and density (Warner 

2004) minimizing subsidence. If this process is not properly monitored, it could lead to heave or 

Figure 4-7: Application limits for grouting techniques based on the work of Passlick and 

Doerendahi (2006)  
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breakthrough at the surface (groutjacking). Furthermore, grouting does not increase (in fact, in some cases 

it decreases) the frictional angle of the material (Shin et al. 2006). The selection of the grout method 

should be performed by an experienced engineer because the selected grouting application still cannot be 

reduced further than the appropriate grain size type and stress conditions. Table 4-4 outlines examples of 

the various methods with respect to the jet-grouting (mixing) system only. Jet-grouting can increase the 

compressive strength of silt, sand, and gravel to a maximum of 5, 10, and 25 MPa respectively (Keller 

2013). The authors have included herein examples of methods that have been published in the literature in 

subsequent sections. 

Table 4-4: Typical injection parameters and respected column diameter for different jet-grouting 

systems (modified after Warner 2004) 

 

 Despite its importance as a parameter, pumping rate information was not included within the 

summary of the data that were collected for this investigation. The pumping rate influences the 

compaction or consolidation of the surrounding material. The higher the pumping rate, the faster the 

project can achieve completion. However, if compaction is to be used, special care must be given to high 

pumping rates in order to avoid soil fracturing. 



 

  

 

71 

4.4 Support Selection Methodology for an Umbrella Arch 

Due to the aforementioned inconsistency of terms and their specific, relevant applications regarding UA 

methods, the authors propose an UA selection methodology (Figure 4-8). This UA selection methodology 

Figure 4-8: Methodology for selection process of umbrella arch methods. Step 1 Requirement for 

pre-confinement. Step 2 Selection due to failure mode of ground material. Step 3 ground 

conditions. Step 3.1 water presence. Step 4 selection process for stiffness and water presence. The 

methods increase with stiffness and protection from water as the selection process of step 4 goes 

from the top left to the bottom right. SpGUA Spile Grouted Umbrella Arch, SpCUA Spile Confined 

Umbrella Arch, SpGcUA spile Continuous Grouted Umbrella Arch, FpCUA Forepole confined 

umbrella arch, FpGUA Forepole Grouted Umbrella Arch, FpdGUA Double Forepole Grouted 

Umbrella Arch, FpGoUA Forepole Open Grouted Umbrella Arch, FpGcUA Forepole Continuous 

Grouted Umbrella Arch, FpGdcUA Forepole Double Continuous Grouted Umbrella Arch, GoUA 

Open Grouted Umbrella Arch, GcUA Continuous Grouted Umbrella Arch 
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separates the design discrepancies as well as outlines the procedure for a specific UA technique based 

primarily on increasing quantity of fracturing, and confinement, control convergence, subsidence, and 

water presence. Figure 4-8 acts as an illustrative design aid for the UA (i.e. the decision to employ such a 

support methodology has been taken) in response to indications of difficult regions that require pre-

support. The support selection methodology for an UA is presented here in four distinct steps and is 

explained further in the sub-sections that follow. 

4.4.1 Step 1: Type 

The first step in the design process consists of an analysis and decision concerning whether pre-support is 

required for the unexcavated tunnel profile at the face. The selection of pre-support should depend on the 

personal experiences of the tunnel designer and contractor. For example, Lunardi (2008), the creator of 

the analysis of controlled deformation in rocks and soils (ADECO-RS) method, prefers the pre-support of 

core reinforcement with full-face excavation over the UA type methods. In addition, exceptionally 

difficult terrain may call for the combination of multiple pre-support methods (i.e. an arrangement of 

shoring of the tunnel face, core reinforcement, and UA). It is outside the scope of this paper to state which 

method is most practical; however, if an UA is deemed appropriate, the designer can proceed to the 

second step of the selection chart. 

4.4.2 Step 2: Mitigate Method 

In the second step, the inclusion of a pre-support is based on the mitigation measures required to counter 

the expected behaviour of the ground due to tunnel excavation. It is important to note that the information 

for this step should have already been investigated prior to the selection of the excavation method 

(conventional or mechanical). Thus, the designer has to decide as to the pre-investigated ground 

behaviour type (Appendix B) with the required mitigation method. The following four possible outcomes 

have been proposed based on increasing fracturing (i.e. ranging from wedge to raveling failure) and 

increasing convergence/subsidence management requirement (i.e. ranging from subsidence having no 

effect on an adjacent building to condemnation of the building): 
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a. Structural control: This response denotes a structural problem within the tunnel that must be 

controlled in order to achieve safe excavation. In other words, discontinuities generally govern 

the failure model of the tunnel (i.e. wedge to chimney). The decision to include an UA within the 

preliminary design would require some form of geological modelling and/or discontinuous 

analysis in order to aid in the definition of the anticipated structural failure. Furthermore, the 

support could also be installed solely as a safety precaution.  

b. Convergence management: This mode is considered when undesirable convergence begins to 

occur due to the increase in gravity driven failures (i.e. chimney to ravelling failure) and/or 

increase stress conditions (squeezing failure). If discontinuity failures or other forms of failure 

occur before the installation of the first support, an UA needs to be employed. If squeezing failure 

occurs (at depth), an UA needs to be employed to control the initial deformation, and to 

redistribute the stress conditions across other temporary supports. 

c. Convergence reduction based on ground improvement: This outcome is similar to the previous 

one, with the exception that an analysis would find that the material parameters (permeability 

and/or cohesion) require improvement to make excavation possible. For example material grain 

size is too small, and could cause raveling between individual support elements of an UA (Spile 

or Forepole). Another example is that the water presence requires a reduction of infiltration of 

water to prevent degradation of the tunnel face; and 

d. Subsidence management: This outcome signifies that subsidence is a design factor and that 

convergence must be controlled through the employment of a stiff UA. 

4.4.3 Step 3: Geological Condition 

The in situ stress confinement defines the geological condition for mitigation 2a–c (Section 4.4.2 and 

Figure 4-8). The type of confinement (high or low) will determine the temporary structural support, and 

the amount of grout (i.e. the stiffness of the support) that will constitute the elements of the UA. For the 

final mitigation method (2d) the impact of tunnel subsidence will define the geological condition. 
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 There are many different factors (i.e. infrastructure in the vicinity of the tunnel) which contribute 

to the limitations placed upon tunnel subsidence. For example, the Aeschertunnel in Canton Zurich, 

Switzerland (Coulter and Martin 2006) had a subsidence limitation imposed associated with a sewer line. 

It can, however, be difficult to assign values of displacement on such a linear structure that might cause 

damage to or failure of the sewer line; An analysis taking into account the Serviceability Limit State and 

Ultimate Limit State for tensile and compressive strain should be conducted. The tensile strain associated 

with cast iron and lining concrete is 0.03 and 0.1 %, steel 0.5 and 0.1 %, ductile cast iron 0.1 and 0.2 %, 

and for plastic materials 0.7 and 2.0 % (Leca and Barry 2007). With regard to settlement of buildings due 

to tunnelling works, Aksoy and Onargan (2010) have summarized the work of other authors such as 

Attewell et al. (1986), in order to generate a range of maximum subsidence to an associated classification 

of possible building damage. Generally, if surface settlement is reduced to <10 mm there should be no 

structural damage. 

4.4.3.1 Step 3.1: Water Presence 

This step takes into account the influence of water with respect to subsidence caused by lowering the 

water table or deterioration of the tunnel face and the foundation zone of the UA. Leca and Barry (2007) 

state that the impact of lowering the groundwater table varies in proportion to its magnitude and radius of 

influence: when localized, induced deformations are often prone to generating large differential 

settlements; when widely spread, the consequences are generally less severe. Therefore, the associated 

support methods are measures that minimize the water inflow into the tunnel, if there is a high impact 

caused by the hydrology. Dewatering techniques can be employed when water is present. In such cases, 

subsidence should not be an issue due to a drop in the water table. Dewatering techniques could be 

installed either from outside or inside the tunnel. This dewatering may be required as groundwater at the 

tunnel face may induce failures due to the hydraulic gradient worsening the mechanical conditions, the 

pre-existing mechanical instabilities, and the material properties (Leca and Barry 2007). 
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4.4.4 Step 4: Options: Choice of Umbrella Arch Sub-category 

The fourth step is the selection of the appropriate UA sub-category. The substantiated decisions of the 

previous 3 steps lead the designer to the final choice of the UA sub-category that could be utilized for 

those predetermined conditions and relevant factors. As can be seen, more than one option can meet the 

requirements within the design chart. Closer analysis, however, may determine that a specific UA that has 

been initially selected might not provide adequate stiffness. To aid in the selection of the stiffer support, 

the layout of the UA options increase in stiffness from left to right and from top to bottom. If the issue of 

subsidence is a possibility, as previously stated, an analysis should be conducted in order to observe the 

effect of the supported tunnel at the ground level. 

4.5 Cited Literature for Umbrella Arches 

The determination of the standardized terminology as well as the development of the UA support 

selection methodology was based upon the findings of over 141 tunnel and cavern projects that have been 

published around the world. A summary of the results as determined through a rigorous literature review 

is provided in Table 4-3. The complete database of relevant information of all cited case studies can be 

accessed online (http://geoeng.ca/abstracts/umbrella.xlsx). The authors can be contacted in order to 

provide interested parties with the salient particulars. 

 Nearly 50 years of UA applications make up the cited literature. Figure 4-9 illustrates the 

distribution of the literature review in terms of the date of the first known publication and the type of UA 

support that was used. The various types of UA sub-category employed within the last half-decade 

illustrate the relevance and significance of this type of support within the tunnelling field. In addition to 

the applicability of such methods a significant trend that has been observed is that there is an increase in 

the use of UA references within the recent past. Such an increase suggests an increased interest in this 

application method, the suitability of such methods to be employed and the importance of standardizing 

the nomenclature and sub-categories of the UA. As an additional attestation, the literature review exposes 

numerous instances of published data which do not provide adequate enough information in order to 

http://geoeng.ca/abstracts/umbrella.xlsx
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classify the UA. The cases that do not provide adequate information are listed as Fp, G, and Sp (in which 

unsatisfactory or inconclusive information exists on grout or overlap) and are also listed as ‘‘?’’, in which 

an UA was described but no technical design parameters were provided. The majority of the ‘‘?’’ cases 

are cited from publications that deal primarily with the geological conditions of a tunnelling project, as 

opposed to the tunnel construction and/or structure. 

 

Figure 4-9: The distribution of the earliest referenced publication date cited for umbrella arches. 

SpGUA Spile Grouted Umbrella Arch, SpCUA Spile Confined Umbrella Arch, SpGcUA spile 

Continuous Grouted Umbrella Arch, FpCUA Forepole Confined Umbrella Arch, FpGUA Forepole 

Grouted Umbrella Arch, FpdGUA Double Forepole Grouted Umbrella Arch, FpGoUA Forepole 

Open Grouted Umbrella Arch, FpGcUA Forepole Continuous Grouted Umbrella Arch, FpGdcUA 

Forepole Double Continuous Grouted Umbrella Arch, GoUA Open Grouted Umbrella Arch, GcUA 

Continuous Grouted Umbrella Arch. Inconclusive information involving a Spile element (Sp). 

Inconclusive information involving a Forepole element (Fp). Inconclusive information involving a 

Grout element (G). Combination of Forepole, Spiles, and Grout, resulting in a different 

classification (combination). Inconclusive information involving an Umbrella Arch (?) 
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4.6 Umbrella Arch Selection Chart 

The UASC was developed by the authors in an attempt to simplify the choice of UA based primarily on 

the use of the relevant cited literature, previously mentioned. The chart can be seen in Figure 4-10. The 

chart also serves to validate the methodology for the selection process of UA sub-categories (as per 

section 4.4 and depicted in Figure 4-8). The chart is first separated into the control measures required to 

mitigate the anticipated behaviour in terms of structural control, convergence management, convergence 

reduction and subsidence management. The compilation and determination of which UA type to use 

within each of these anticipated ground responses and/or limitations is summarized in each of the 

subsections below. 

4.6.1 Structural Control 

In an effort to aid in the steps that are involved in the support selection methodology for an UA (i.e. Steps 

2 and 3 as defined in the previous section) the incorporation of the tunnel behaviour chart (TBC) by 

Marinos (2013) can be utilized for the structural control (Appendix B). The TBC allows the designer to 

predict the failure case, which is also associated with overburden (confinement of the ground material). 

The authors have practically paired up tunnel behaviour cited in case studies cited in literature with the 

TBC equivalents in order to validate the design chart for the structural control section. 

4.6.2 Convergence Management 

Similarly, the TBC was also employed to quantify the selection of an UA under the mitigation method of 

convergence management. However, the TBC solely would not be able to differentiate between UA 

elements, Fp and Sp. That selection process would still be up to the tunnel design engineers’ judgement.  

4.6.3 Convergence Reduction Based on Ground Improvement 

The TBC could not completely simplify the convergence reduction mitigation method, due to certain 

limitations. One limitation is that the TBC only takes into consideration materials that are able to be 

processed by GSI, as opposed to soil. A second limitation is that the TBC does not further classify the  
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Figure 4-10: Umbrella Arch Selection Chart. Nomenclature is within Figure 4-4 and Appendix A. 

TBC (Marinos, 2012) is in Appendix B  
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effect of ground water. The TBC does note that the presence of water does not generally change the 

failure mode, but does affect the factor of safety. The only failure mode that water has a large effect on is 

chimney, and ravelling (only from blocky-disturbed and disintegrated) which would result in a flowing 

ground failure mode.  

The Convergence Reduction based on Ground Improvement section could be simplified through 

the addition of the grain sizes into the selection chart. For example, it is suggested by John and Mattle 

(2002) that if sand or gravel lenses are to be expected, two rows of tubes shall be provided. But if the 

excavation material is completely cohesionless, then grouting is required. With reference back to Figure 

4-7, most methods of grouting materials/methods within the figure cannot be installed within grain sizes 

larger than cobbles. The two grout materials listed that were successfully installed within cobbles are 

most commonly installed through an injection method. Injection method can easily be incorporated with 

Spile or Forepole support elements through the incorporation of injection ports. Such divisions based on 

grain size has been incorporated in the UASC, and verified by selected published literature. Further 

simplification of convergence reduction based on ground improvement section was not quantified (grout 

type, quantity, etc.) in order to avoid standardization of inexperienced engineers as the authors deem that 

selection remains a case by case process. 

4.6.4 Subsidence Management 

The Subsidence Management section was based on the literature review gathered (as previously 

mentioned) from a variety of tunnelling projects and numerical analysis results (Figure 4-11; Table 4-5). 

The tunnelling projects had either conducted numerical analysis or observed the reduction of surface 

settlements due to the employment of an UA (Table 4-5). Characteristic curves were plotted based on the 

data from the literature review shown in Table 4-5, along with numerical trends found in the work of 

Kimura et al. (2005) (Figure 4-12). The first set of characteristic curves found the upper and lower bounds 

of data collected from literature to find possible reduction of surface settlement due to the use of FpGUA. 

The lower bound of the FpGUA data captures the conservative possible reduction of surface settlement 
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due to the employment of a FpGUA. The upper bound of the FpGUA data captures the conservative 

possible reduction of surface settlement due to the employment of a FpdGUA. 

To create the other characteristic curves, the authors used the relationship found in Kimura et al. 

(2005) for GcUA and FpGcUA based on the lower bound trend of FpGUA. Kimura et al. (2005) found 

the reduction of surface settlement from increasing the stiffness of the UA. The observed and numerical 

results, found that there can be a reduction of surface settlement between 27 and 37 % if one switches 

from FpGUA to FpGcUA. Furthermore, the authors also used another relationship found by Kimura et al. 

(2005) to create FpGcdUA characteristic curve based on the upper bound of FpGUA (lower bound of 

FpdGUA). Kimura et al. (2005) found an increase of reduction of 40 % if one switches from GcUA to 

Figure 4-11: Literature review data of tunnelling projects that have had analysis conducted or 

observed the reduction of the surface settlement based on the usage of an umbrella arch. Trend 

lines indicate the potential reduction of surface settlement due to the employment of an umbrella 

arch system (above the associated line). FpGUA Forepole Grouted Umbrella Arch, FpdGUA 

Double Forepole Grouted Umbrella Arch, FpGcUA Forepole Continuous Grouted Umbrella Arch, 

FpGdcUA Forepole Double Continuous Grouted Umbrella Arch, GcUA Continuous Grouted 

Umbrella Arch. 
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FpGcUA. Only one of the five data points (GcUA) falls outside the resulting characteristic curves. This 

point is a GcUA, found by comparing the lowest amount of settlement captured by numerical analysis of 

the Bonn-Bad Godesberg Tunnel (Wittke et al. 2006). No explanation was given for this anomaly of small 

surface settlement. However, the observed and largest numerical results of surface settlement still fall 

within the GcUA and the FpGcUA characteristic curves. 

Table 4-5: Literature review of surface settlement of tunnelling projects utilizing based on the 

usage of an Umbrella Arches. 
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Figure 4-12: A) Observed longitudinal surface settlement for the Baikoh Tunnel excavation 

(modified after Kimura et al. 2005). B) New urban tunnelling method (NUTM) (modified after 

Kimura et al. 2005). The difference between the NUTM design and piperoof is the addition of the 

horizontal jet grouting underneath the long steel pipe forepiling and the jet-grouting side 

foundations. Piperoof would be classified as a FpGUA, and the NUTM would classify as a FpGcUA, 

due to the possible interaction of the jet-grouting installed just below the crown. 

The UASC will further assist designers in the selection of an appropriate initial design for an UA. 

The method to use the UASC as a design tool is to proceed down the four categories of the UASC 

(structural control, convergence management, convergence reduction and subsidence management) 

upgrading the support class as required (never downgrading). For example, following the convergence 

management design path may result in the selection of a FpCUA based on a TBC of 20 (Appendix B), but 

due to the presence of water, this can cause the support to change to a FpGoUA or FpGcUA or FpGcdUA 

based on the requirement to reduce infiltration of ground water. In another example, hydrology and/or 

grain size conditions could result in determining that a GcUA be employed based on convergence 

reduction mitigation method. However, an additional design requirement of controlling subsidence (i.e. 

subsidence management) could result in the employment of an FpdGUA in order to ensure the reduction 

of surface settlement of 30 %, for an overburden to height of excavation ratio of 1. GcUA would govern 

the design as it will meet both requirements: ground improvement; and surface settlement reduction of 

greater than 30 % (44 %). 

(FpGcUA) (FpGUA)
FpGUA – Forepole element

FpGUA – Grout element

A) B)
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4.7 Employment of Umbrella Arch Methods 

The following subsections define each of the individual sub-categories of the UA. For the majority of the 

individual sub-categories, a tunnel example is referenced in order to illustrate the practicality and 

employability of the proposed support selection process. The case studies that have been cited and that are 

used for illustration purposes are summarized in Table 4-6. Furthermore, in order to illustrate (and 

validate) the UA support selection process, each case study presented also includes the process and 

assessment (through the use of the UASC). 

 

Table 4-6: Summary of published employment of Umbrella Arch methods 
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4.7.1 Employment of Spiles 

4.7.1.1 Buon Kuop Hydropower Project 

According to Trinh et al. (2007), one of the tunnels of the Buon Kuop hydropower project, in Vietnam, 

hit a zone of weakness that was 15–20 m long during a twin tunnel drill and blast excavation. The result 

of excavating in this weakness zone was a cave-in to the surface (60 m above the excavation), which, in 

turn, created a sink hole. Utilizing the information provided by Trinh et al. (2007) and applying it to the 

UASC, this would result in a preliminary design selection of a SpGUA. The selection of the SpGUA 

would be based on a requirement for convergence management as the weakness zone encountered (15–20 

m long) prevented further excavation without some sort of pre-support. The available equipment only 

allowed for the installation of rods that measured 6 m in length, therefore it was not economical to use 

other methods associated with support elements of a longer length (i.e. Fp) for such a short section of the 

overall tunnel alignment. SpGUA would have been selected based on the TBC #13 due to the block 

structure (GSI value range of 20–30 with fair to poor joint conditions), overburden <70 m (60 m), and 

with a σci value of <15 MPa (10.84 MPa). 

However, further investigation would show that this zone of weakness occurred in a valley of two 

mountain ranges (Figure 4-13a), resulting in higher stress conditions than were indicated by the pure 

overburden depth. The higher stress conditions would eliminate the grout requirement, which would 

result in SpCUA as the final selection of the UA to traverse the weakness zone. 

The SpCUA used during excavation of the second tunnel at the Buon Kuop hydropower project 

consisted of the following: 6 m long Sp which were installed around the crown of the 9 m high 

excavation; 50 mm in diameter support which were spaced at 35 cm and installed at an angle 16° from the 

tunnel axis, and, as previously mentioned, confined in their location. An illustration of the design for the 

cave-in tunnel and the second tunnel design as it encountered the weakness zone are presented in Figure 

4-13b, c, respectively. More information on the Buon Kuop hydropower project in Vietnam is described 

in Trinh et al. (2007). 
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Figure 4-13: A) Cave-in at the first headrace tunnel (modified from PMU5, 2005), B) Excavation in 

the first tunnel of Buon Kuop hydropower project. C) Excavation in the second tunnel—

longitudinal sections of Buon Kuop hydropower (Trinh 2006) 

4.7.1.2 Platanos Tunnel 

The Platanos Tunnel project in Greece consisted of 15 different combinations of support classes within 

varying geological conditions. All 15 designs incorporated UA type supports, with nine of the 15 

combinations using Sp. Six (6) of the nine Spile designs were based on structural type failure (at low 

overburden) where the ground conditions contain few indications of loose to slightly cemented coarse 

grained material (conglomerate). This local failure could potentially cause failures similar to TBC #9, 10, 

13, and 14; which results in a SpGUA installed locally in regions with such conditions. A layout of the 

general support with Forepole of the Platanos Tunnel can be found within Figure 4-14 and Figure 4-15. 

 

Figure 4-14: General structural design of the Platanos tunnel with Forepoles (modified after 

Marinos and Tsiambaos 2010)  
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There were three different types of SpGUA used at the Platanos 11 m high excavation. The three 

different SpGUA varied according to the different stiffnesses associated with the tunnel overburden 

and/or weaker materials encountered. The different Sp had diameters ranging from 28 to 32 mm rods 

(with a maximum overburden of 50 m), and 51 mm (5 mm thickness) pipes (with a maximum overburden 

of 100 m). All Sp had a length of 6 m with a centre to centre spacing ranging from 25 to 35 cm. For 

further information about the Platanos tunnel and the other structural supports used during construction, 

please refer to the design documents as summarized in Marinos and Tsiambaos (2010). 

 

Figure 4-15: Platanos Tunnel section during a site visit by the authors in December 2010 

4.7.1.3 Kukuan Tailrace Hydropower Plant Tunnel 

The UA that was selected for the preliminary design of the Kukuan Tailrace Hydropower Plant Tunnel in 

Taiwan was based on the information provided within Liu et al. (2010). The ground material was 

described as highly fractured sandstone and slate that was saturated. As such, it was necessary to create a 

grout curtain sealing around the 7.6 m high tunnel excavation as the tunnel was being constructed 

underneath a river in material with permeability of 13–17 x 10-5 cm/s. 
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 This high influence of the hydrology and highly fractured material (TBC #15) required the 

mitigation of convergence reduction based on ground improvement. Selection of the UA was further 

restricted due to the requirement of a 7 m diameter access shaft. This restriction combined with the 

geological conditions would result in a SpGcUA following the procedure of the UASC. 

 The SpGcUA utilized at site had a length of 6 m, spaced every 2 m. The Spile elements were 50 

mm in diameter. The Spile element was very successful in increasing the stiffness of the system and 

providing a means of injection of grout into the fractures of the rock cover measuring 3.5 m, with 40+ m 

of overlaying alluvium debris deposited from a recent earthquake. It was noted by Liu et al. (2010), that 

longer grouting column elements take less of a time commitment during the shaft excavation sequence, as 

the contractors increased the grouting from 2–3 to 6 m (i.e. varying length of grout element) during the 

shaft construction. However, the restrictions of the access shaft prevented further increases of grouting 

length. The orientation and placement of the Spile elements can be seen in Figure 4-16. More information 

on the project can be found within Liu et al. (2010). 

 

 

Figure 4-16: Cross sections of the SpGcUA Kukuan Tailrace Hydropower Plants Tunnel (modified 

after Liu et al. 2010) 

 



 

  

 

88 

4.7.2 Employment of Forepoles 

4.7.2.1 Platamon(as) Pilot Tunnel 

The Platamon(as) Tunnel is a twin highway tunnel connecting Athens with Thessaloniki, Greece. During 

excavation, the north-bound traffic tube had a 40 m long collapse at the tunnel face, this propagated to the 

south-bound tunnel causing a 20 m long collapse at its face. To proceed through the failed region, a pilot 

tunnel was required. During a site visit, in December 2012, the authors were able to inspect the geological 

conditions and found that a FpGUA would have been selected as a preliminary design based on the 

UASC. The preliminary report for the project indicated that the material at the problematic section would 

be a disintegrated serpentinized peridotite/scree material with a GSI of 5–15 with 10 m of overburden 

(TBC #17). The north-bound pilot tunnel was being over-excavated during a site investigation visit 

conducted by the authors. This opportunity allowed for an assessment of the material. The material was 

classified as highly serpentinized peridotite, tectonically sheared to claylike material with hard clasts up 

to 3 cm diameter (Figure 4-17). The overburden of the tunnel was approximately 17 m (TBC #21). 

Furthermore, Fp were easily employed as the machinery used to install them was already on site. 

The support class employed at the failed sections was support 7A, using a FpCUA. The FpCUA 

employed was 12 m long, 114 mm in diameter, with 4 m of overlap. The support was installed covering 

100° of the crown, of the almost 12 m high excavation. For further information on the support classes and 

other design parameters can be found in Marinos and Tsiambaos (2010). 

It is important to note that the over-excavation employed an UA type technique as shown in 

Figure 4-17. However, these supports were not installed during the first pass, which falls outside the 

authors’ description of a UA. 
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Figure 4-17: Over-excavation of the pilot tunnel in the south-bound tunnel, December 2012 

4.7.2.2 Tunnel San Fedele (Roveredo Bypass Project) 

The material encountered at the southern section of the Roveredo Bypass Project, in Switzerland, 

consisted of slightly silty gravels with abundant to predominant sand, stones, and blocks with a maximum 

of 25 m of overburden, (Fasani et al. 2012). The material has no genuine cohesion and is only slightly 

interlocked. The UASC would place the requirement for pre-support as a convergence reduction based on 

ground improvement. The impact of water was low, as the water table was below the excavation and the 

impact at surface can be omitted based on the land being primarily farmland. The presence of stones and 

blocks would push the selection to a FpGoUA support type (with drainage) as grouting techniques such as 

jet-grouting are not ideal in materials with such large grain sizes. 

 The actual selection of the temporary tunnel support was a FpCUA (no reference to grout used 

within support description) that was 15 m long, on the ~6 m high top heading excavation, with 5 m of 

overlap (Figure 4-18). The Fp were spaced at 50 cm (20 pipes on during excavation of the top heading) in 

combination with 12 m long face anchors to ensure stability of the face. A loose section was encountered 

at the south portal and was persistent for approximately 150 m. However, the spacing allowed for grain 

sizes smaller then 40 cm to pass through the Fp. The material lost was backfilled with concrete, however, 
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at a selected location there was a propagation of a chimney type failure to the surface (Figure 4-19). This 

failure lead to reduction of the Forepole element spacing from 50 to 40 cm, and the application of 

grouting in the loose ground sections. Further details associated with the San Fedele Tunnel can be found 

in Fasani et al. (2012). 

4.7.2.3 Maiko Tunnel 

According to Harazaki et al. (1998), the Maiko Tunnel in Kobe, Japan is a 3.3 km twin highway that has 

an excavation width of 16 m and height of 11–12 m. Two geological conditions were encountered: (1) an 

alluvial zone (uncemented sand and gravel in alluvium and embankments); and (2) a diluvial zone 

(uncemented gravel and clay). The ground water was found to be near ground surface for both zones. The 

tunnel passes 4–7 m under an athletic ground of a school and close to existing school buildings (closest 

building is 10 m from the excavation). Pre-support was required, as construction from surface was not 

possible and given the instability of the uncemented material (gravel and sand). According to the UASC, 

Figure 4-18: Tunnel San Fedele (Roveredo Bypass Project) south portal during a site visit by the 

authors in 2011. 
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a FpGcUA would have been selected for both sections as convergence reduction based on ground 

improvement because of the presence of gravel/sand, low overburden, and high presence of water. 

Surface subsidence was a consideration due to the close proximity of the school buildings. Due to the fact 

that the existing surface infrastructure is approximately an excavation height distance away from the 

centreline of the tunnel, combined with the fact that the UA support selected is the second stiffest type of 

UA, surface settlement will be minimal to insignificant if designed correctly. No damage to the school 

building infrastructure was recorded in the publication of Harazaki et al. (1998). 

 

Figure 4-19: Earth fall on 4 June 2010, cross-section at about Tm 48 of Tunnel San Fedele, modified 

after Fasani et al. 2012). 

Harazaki et al. (1998) describes the pre-support system used as an umbrella method (umbrella 

forepile) which consisted of long steel pipes and consolidation grouting (FpGcUA). The pipes had a 

length of 12 m, diameter of 114.3 mm and a thickness of 6 mm. The maximum surface settlement was 

found to be 100–120 and 20 mm for the alluvial and diluvial zones respectively. Due to the large surface 

settlement in the alluvial zone, the standard cement mortar was replaced with ultrafine cement mortar; 
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improved support performance metrics were not provided based on this change. More information can be 

found within Harazaki et al. (1998). 

4.7.2.4 Driskos Tunnel (Egnatia Odos) 

The design of the weakest section (very-thin-bedded sandstones and thin-bedded siltstones, Sect. 4 of 

cited reference) of the Driskos Tunnel, in Greece, required an UA (Figure 4-20) to excavate through the 

fractured flysch material (Vlachopoulos et al. 2013). The Umbrella Selection Chart would have selected a 

FpCUA (over 650 m length of the overall tunnel length) to provide convergence management. The blocky 

to disintegrated material, with a σci of 26–75 MPa, with overburden range of 100–220 m would yield a 

TBC #16 or 20. 

 

Figure 4-20: ‘‘Saw-tooth’’ profile of the umbrella arch installed in the Driskos Tunnel. 
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However, FpGUA was selected by the designer with the following specifications as shown in 

Figure 4-21 for the 9.47 m high, horse-shoe shaped tunnel excavation. The Fp were 12 m long, 101 mm in 

diameter with 4 m of overlap, and installed at an angle of 5.78° off of the tunnel axis. For further 

information on the Driskos Tunnel, please refer to Vlachopoulos et al. (2013) and Vlachopoulos (2009). 

4.7.2.5 Golovec Tunnel 

The Golovec Tunnel was constructed as part of the city of Ljubljana’s ring road in Slovenia. The 10.5 m 

high tunnel excavation was constructed with a low overburden (<80 m) with the added constraint of 

crossing under two roads. An UA was employed in order to allow for excavation and also to reduce 

subsidence that could potentially disrupt traffic flow on the road above and minimize the risk of landslide. 

According to Bizjak and Petkovsek (2004), a landslide occurred during the first excavation of the tunnel 

portals. Once the tunnel was excavated past the portal landslide region, it encountered a zone of highly 

weathered quartz sandstone, with a GSI range of 10–15. The geological conditions would indicate a TBC 

#18. 

 

Figure 4-21: Longitudinal cross-section of Driskos showing tunnel support (class V) detail modified 

after Vlachopoulos et al. 2013) 
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Based on the requirement for convergence management, a FpGUA would be selected using the 

UASC. However, due to the presence of roads above the tunnel excavation and the landslide potential, the 

selection would fall into the Subsidence Management section (resulting in the requirement of a numerical 

analysis). A FpdGUA was found to control the subsidence of the 10.5 m high tunnel excavation during 

the worst of the geological conditions, however, the SpGUA was able to provide enough protection in 

more stable conditions (Bizjak and Petkovsek 2004). The general layout of the tunnel support case can be 

seen in Figure 4-22. 

The FpdGUA had an overlap of 6–9 m of the 12–15 m long Fp. The SpGUA had overlap of 3 m 

of the 9 m long Sp. The Forepole/Sp used was a 4” (101.6 mm) iron pipes filled with mortar that were 

spaced 30 cm apart (centre to centre). For more information of the supports used on the project please 

refer to Bizjak and Petkovsek (2004).  

 

Figure 4-22: Details of cross section of the Golovec tunnel (modified after Bizjak and Petkovsek 

2004) 



 

  

 

95 

4.7.2.6 Seoul Subway Line 9 (Construction Site 912) 

According to Kim (2008), the Seoul Subway Line 9 at construction site 912 was constructed in an alluvial 

deposit near the Han River. The 8.5 m high tunnel section was constructed with only 18 m of overburden 

and with the water table 1.5 m below surface. The 14-storey apartment buildings and five-story shopping 

centres were also in close proximity to the construction site. Should the information provided by Kim 

(2008), be applied to the UASC, it would result in a preliminary design for a pre-support of minimum 

stiffness of GcUA. The GcUA is the minimum support that will meet the requirement for both mitigation 

methods of ground improvement based on ground improvement (due to the water present) and subsidence 

management (to minimize impact on the infrastructure above the tunnel). A FpGdcUA was successfully 

employed with further dewatering techniques (Figure 4-23) (Kim 2008).  

 

Figure 4-23: Ground strengthening techniques and dewatering schema of the Seoul Subway Line 9 

at construction site 912 (Left) excavation method with jet grouting piles (right) dewatering scheme 

(modified after Kim 2008). 

The Forepole elements used as part of the FpGdcUA were 114 mm diameter pipes, 13.5 m long, 

with a centre-to-centre spacing of 60 cm. The grouting process was classified as jet-grouting, with the 

whole system overlapping 7.1 m with the grouting length 13.4 m. This resulted in a minimum of 2 layers 

of reinforcement through the region underneath the apartment buildings. For more information regarding 

the Seoul Subway Line 9 at construction site 912 please refer to Kim (2008). 
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4.7.3 Employment of Grout 

4.7.3.1 Aeschertunnel 

The Aeschertunnel in Switzerland was constructed in a glacial moraine which consisted of a brown 

clayey sand and silt, with gravel and isolated boulders (cohesion strength was 5–20 kPa). During 

excavation, the unsupported vertical face showed no signs of instability. A critical section of the tunnel 

alignment was defined that consisted of overhead roadways, a sewer line, a concrete stream diversion 

channel, and a nearby house. These infrastructures could potentially be affected by subsidence of the 

tunnel with only 13–15.5 m overburden on the approximately 6 m high heading excavation. If the 

Aeschertunnel conditions were to be applied to the UASC, it would first require a FpGcUA as there is 

reference to boulders. Prior to the critical section, subsidence was recorded to be of maximum magnitude 

of 350 mm. According to the UASC, FpGcUA would yield a reduction of surface settlement of about 93 

% (25 mm). A subsidence of 25 mm is reasonable as it will only produce low amount of damage to 

infrastructure according to Attewell et al. (1986). 

 Nonetheless, the isolated boulders seemed not to be an issue as GcUA was selected for the 

support. This support was successful in controlling the subsidence by creating a very narrow settlement 

trough, as well as a very low volumetric loss of 0.35 %. The GcUA employed was 13 m long with 2 m of 

overlap (Figure 4-24). The grout columns were 600 mm in diameter, spaced at 450 mm (centre to centre), 

and installed at an angle of 11°. The jet-grouting process utilized had the following installation 

parameters: 40 MPa pump pressure, a 1:1 grout to water ratio, a 15 rpm drilling rod rotation ratio, a 0.5 

m/min withdrawal rate, and a 12 m3/h grout injection rate. For further information on the Aeschertunnel 

please refer to Coulter and Martin (2006). 

4.8 Discussion/Summary of Findings 

Based on Table 4-3 (generated from the cited literature review) the authors were able to create a 

generalized design table for each of the individual sub-categories of the UA (Table 4-7). The generalized 

design properties included in this table will further aid the tunnel designer in the process of choosing and 
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creating the numerical analysis to verify the chosen preliminary design of the UA, selected from the 

support selection methodology (or UASC). The support selection methodology (Figure 4-8) is intended as 

an illustrative tool which provides an element of rationalization to the selection of the appropriate UA. 

The UASC is a quantitative approach to the support selection methodology. As previously stated, 

however, the UASC is based primarily on the TBC (Marinos 2013), which was created from the analysis 

of 62 tunnels of the Egnatia Odos highway project. Thus, should a tunnelling project fall outside the 

applicability region of the TBC, it would also fall outside the current version of the UASC. Nonetheless, 

portions of the UASC process have been empirically verified by case studies across the globe and 

extrapolated between verifications. Based on the current progress, it is thought that as the TBC and UASC 

are further verified around the world, and as the database for UA systems continues to grow, the UASC 

will increase in applicability. 

 

Figure 4-24: Top-heading excavation showing jet-grout column numbering at the Aeschertunnel 

(modified after Coulter and Martin 2006). 

Another important factor involves surface settlement. Within a numerical analysis, the surface 

settlement (subsidence management section of the UASC) can be reduced by a factor of 2–2.5, with the 

addition of bearing capacity of the foundation of the UA (Gioda and Locatelli 1999). Therefore, it can be 

determined that the selection of the proper UA is not the only critical factor when attempting the  
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Table 4-7: Generalized design parameters of the sub categories of the Umbrella Arch. 
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reduction of surface settlement. This additional foundational requirement explains why the research of 

Pichler et al. (2003) found that the employment of a stiffer material below the UA resulted in the 

reduction of surface settlement by 32% (compared to no GcUA used), with a difference of 16 % more 

than their homogenous model (48% of surface settlement). Therefore, when taking into consideration 

design parameters, the tunnel designer must also ensure the adequacy of the remainder of the support 

system, in order to handle the transfer of stress from the UA as well as the complex geological conditions. 

For numerical analysis, the authors recommend that when grout is used solely in a continuous 

manner in an UA, it can be simplified as a homogenous region. This homogenous region is an 

improvement material zone to simulate the GcUA. This is the only application of the UA that can be 

modelled in 2D. The process of modelling all other methods as homogenous regions may provide an 

accurate solution empirically, but not mechanistically (Oke et al. 2012). In these aforementioned cases, 

the homogenous regions would not capture either the individual arching effect between grout columns 

(GoUA) or structural steel (spile or Fp), and the longitudinal support interaction. 

4.9 Conclusions 

In conclusion, this paper proposes a standardization of nomenclature, a selection methodology for the UA 

support, and an UASC design tool; that can be accepted and utilized as a universally applied standard. An 

extensive collection of literature of support employed at actual tunnel construction sites provided the 

empirical foundation and substantiation for the proposed nomenclature and the detailed description of 

each of the sub-categories of the UA. Furthermore, collection of the cited literature provided insight into 

the development of the selection methodology of an UA, based on the collected geological conditions and 

stiffness of the support with respect to the impact at the surface, as well as stress conditions, water 

presence and tunnel convergence/behaviour. Overall, this proposed standard addressestwo distinct and 

often overlooked voids within the field of tunnel engineering within weak rock masses, standardization 

and methodology of the support utilized as part of the UA support. 
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Chapter 5 

Numerical analyses in the design of umbrella arch systems2 

5.1 Abstract 

Due to advances in numerical modelling, it is possible to capture complex support-ground interaction in 

two dimensions and three dimensions for mechanical analysis of complex tunnel support systems, 

although such analysis may still be too complex for routine design calculations. One such system is the 

forepole element, installed within the umbrella arch temporary support system for tunnels, which warrant 

such support measures. A review of engineering literature illustrates that a lack of design standards exists 

regarding the use of forepole elements. Therefore, when designing such support, designers must employ 

complex numerical models combined with engineering judgement. With reference to past developments 

by others and new investigations conducted by the authors on the Driskos tunnel in Greece and the 

Istanbul metro, this paper illustrates how advanced numerical modelling tools can facilitate understanding 

of the influences of design parameters associated with the use of forepole elements. In addition, this paper 

highlights the complexity of the ground-support interaction when simulated with two-dimensional (2D) 

finite element software using a homogenous reinforced region, and three-dimensional (3D) finite 

difference software using structural elements. This paper further illustrates sequential optimisation of two 

design parameters (spacing and overlap) using numerical modelling. With regard to capturing system 

behaviour in the region between forepoles for the purpose of dimensioning spacing, this paper employs 

three distinctive advanced numerical models: particle codes, continuous finite element models with joint 

set, and Voronoi blocks. To capture the behaviour/failure ahead of the tunnel face (overlap parameter), 

2D axisymmetric models are employed. Finally, conclusions of 2D and 3D numerical assessment on the 

                                                      

2 This chapter appears as published in an international journal with the following citation: Oke, J., Vlachopoulos, N., 

& Diederichs, M. (2014). Numerical Analysis in the Design of Umbrella Arch Systems. Journal of Rock Mechanics 

and Geotechnical Engineering: Advanced Numerical Methods in Rock Engineering. 6 (6): 546–564 

doi:10.1016/j.jrmge.2014.09.005 
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Driskos tunnel are drawn. The data-enriched case study is examined to determine an optimum design, 

based on the proposed optimisation of design parameters, of forepole elements related to the site-specific 

considerations. 

5.2 Introduction 

As design of underground excavations becomes larger and more complex, numerical analysis is required 

to combat increasingly difficult ground conditions, under which reinforcement may be required prior to 

excavation (pre-support). Due to its time and cost effectiveness in comparison with other pre-support 

methods (ground freezing, jet grouted columns, or pipe jacking), the umbrella arch method is increasing 

in popularity (Volkmann and Schubert, 2007). A corresponding increase in understanding of the 

interactions between the support system and the surrounding ground is required (Volkmann, 2003). Since 

1991, the literature has agreed that currently limited level of understanding is due to the lack of objective 

design criteria for the umbrella arch (Carrieri et al., 1991; Hoek, 1999; Volkmann, 2003; Kim et al., 2005; 

Volkmann et al., 2006; Volkmann and Schubert, 2006a, 2006b, 2007, 2010; FHA, 2009; Hun, 2011; 

Peila, 2013). To aid design, Oke et al. (2014a) arranged the umbrella arch methods into thirteen sub-

categories and associated them to applicable, specific failure mechanisms within an umbrella arch 

selection chart (UASC). This paper focuses on two of the sub-categories which employ the forepole 

element (confined, and grouted in place) of the umbrella arch. It also illustrates the use of numerical 

modelling to assess the overall response of the umbrella arch with forepole elements and to optimize 

selected design parameters for a squeezing-failure mechanism, as illustrated in Figure 5-1. Explicit 

numerical modelling for the optimisation of the forepole element employed in other failure mechanisms, 

such as anisotropic conditions, is outside the scope of this paper. Investigation of in the overall response 

of the forepole element was conducted using calibrated numerical models of two different tunnelling 

projects with in-situ data: the Driskos tunnel project (Vlachopoulos, 2009), and the Istanbul metro 

(Yasitli, 2013). Optimisation of selected design parameters was carried out for the severe squeezing 

ground at the Driskos tunnel at section 8 + 746 (Vlachopoulos and Diederichs, 2014). 
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Figure 5-1: Applications of numerical analysis for umbrella arch system design parameters. (A) 

Illustration of a 2D analysis trap door test to assess spacing. (B) Design parameters of an umbrella 

arch as illustrated in Figure 5-2. (C) Method to optimize the design parameters. (D) Illustration of 

three-dimensional (3D) numerical analysis taking into account all design parameters. (E) 

Illustration of different types of numerical assessments to quantity the overlap parameter.    

5.3 Background 

Oke et al. (2014a) defined the umbrella arch as a pre-support installed within the tunnel, prior to the first 

pass of excavation, above and around the crown of the tunnel face which can be made up of spiles (length 

smaller than the height of excavation), forepoles (length greater than the height of excavation), or grout 

elements. This paper focuses specifically on the forepole elements, which are part of the temporary 

support system (e.g. shotcrete, steel sets, rockbolts, as shown in Figure 5-2). However, prior to illustrating 

the extensive three-dimensional (3D) numerical analysis of forepole design, further details are provided 
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regarding the design parameters associated with the forepole umbrella arch, relevant investigations of 

cited literature that highlights important design considerations, the use of two-dimensional (2D) 

numerical investigation, and their disadvantages. 

5.4 Design parameters 

The design parameters for the forepole umbrella arch are shown in red in Figure 5-2. Figure 5-2a displays 

the length of forepole element (Lfp), and the length of forepole (or umbrella arch) overlap (Lfpo). The 

Figure 5-2: Structural layout of the umbrella arch temporary support system with forepole 

elements. Red arrows and text indicate key design dimensions. (a) View of oblique support layout. 

Lfp is the length of forepole, and Lfpo is the length of forepole (or umbrella arch) overlap. (b) 

Viewport of (d). Scfp is the centre-to-centre spacing of the forepole elements, tfp is the thickness of 

the forepole element, and Φfp is the outside diameter of the forepole element. (c) Profile view of 

support layout. αfp is the installation angle of the forepole element, and Lus is the length of the 

unsupported span. (d) Cross-sectional view. Dt is the diameter of the tunnel, and αfpa is the coverage 

angle of the forepole elements. 
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parameter Lfp cannot be optimised through numerical analysis as too many non-geomechanical factors 

governing the design exist. The Lfp depends on economic considerations, accuracy of drilling, 

accessibility of equipment and drillability with respect to ground conditions. The Lfpo can be optimised by 

using relevant numerical modelling. This overlap is required to ensure stability of the system and ground 

response, as illustrated in Figure 5-1. In order to be effective in the longitudinal direction, the embedding 

of the forepole element requires sufficient distance (length) from the disturbed ground region. This 

embedment ensures that there will be sufficient longitudinal arching, which is the transfer of stresses at 

the tunnel face to the support system (in front of the face) and to the stable ground (ahead of the face), as 

illustrated in Figure 5-3b. These parameters will be explained further in subsequent sections.  

 

Figure 5-3: Illustration of arching. (a) Local arching (modified after Doi et al. (2009)). (b) 

Longitudinal arching and radial arching. 

Figure 5-2b illustrates the centre-to-centre spacing of the forepole elements (Scfp), thickness of the 

forepole element (tfp), and the outside diameter of the forepole element (Φfp). The maximum Scfp is 

defined by the requirement of developing a local arching effect, as shown in Figure 5-3a (Volkmann and 

Schubert, 2007). This local arching can be analysed and captured with numerical models, as illustrated in 

the top portion of Figure 5-1. It is important to note that the FHA (2009) has commented on the 
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occurrence of a common misjudgement of the longitudinal (overestimation) and radial effects 

(underestimation) of the forepole design. Thus, there is a requirement for analyses on both a local 

(arching between forepole elements) and a global (complete system response) scale. The size of the 

forepole element is defined by two parameters: tfp and Φfp. Ultimately, these parameters will define the 

stiffness of the forepole as well as the loading area. This paper will illustrate that numerical modelling can 

be effective in determining an optimum size of the forepole elements within an umbrella arch 

arrangement. This optimum size, however, is further influenced by the installation equipment and the 

commercially standardised elements (pipes) available. 

Figure 5-2c displays the installation angle (αfp) of the forepole element and the length of the 

unsupported span (Lus). The αfp for spile element within umbrella arch methods can range from 5° to 

40° as it is designed to lock-in structural components or to ensure a certain thickness of grout barrier 

around the excavation. For forepole elements, however, the αfp is defined by other temporary support 

elements (thicknesses of shotcrete and steel sets) as well as equipment clearances, to allow for the 

minimum possible angle. One must remember that the forepole elements and the umbrella arch support 

system are not employed in isolation and are used in conjunction with other support elements. The 

minimum possible angle of installation is deemed to be ideal as most cases result in failure of the ground 

material up to the forepole elements. When such failure occurs, a niche (or saw-tooth) profile is created, 

as shown in Figure 5-4. This niche profile results in an increasing excavation size which consequently 

increases the requirement for more and/or larger other temporary support elements, neither of which is 

economical. The parameter Lus is typically defined by the steel set spacing, although it is also important to 

take tunnel face stability into consideration when determining the Lus.   

Figure 5-2d defines the coverage angle of the forepole elements (αfpa). The tunnel diameter, Dt, is 

a design parameter that defines the difference between a forepole element and a spile element, as 

previously mentioned. The αfpa is defined by the failure mechanism more than the mechanical response of 

the system. For gravity-driven failures, the forepole element only requires a αfpa around the crown (~120°) 
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of the excavation face to protect the workers working underneath. For subsidence driven failure 

mechanisms, it is more common to employ 180° coverage above the face of the tunnel (as shown in 

Figure 5-2d). Similarly, Song et al. (2013) stated that 120° is optimal for weathered rock and 180° for 

soil. For squeezing ground conditions, Hoek (2001) suggested an increase of the coverage angle from 

120° to 180° for severe to very severe squeezing conditions, respectively. 

 

Figure 5-4: Niche (saw-tooth) profile construction due to the installation of umbrella arch with 

forepole elements. 

5.5 Literature investigations 

While much of the previously discussed literature related to parameters is based primarily on empirical 

data, the following review sections summarise past work based primarily on numerical modelling. Design 

parameters based on modelling are summarised in Table 5-1. 

5.5.1 Volkmann and Schubert (2006a) 

Volkmann and his collaborators have carried out laboratory, in-situ, and numerical tests on the forepole 

element, providing either commentary or analysis related to: cost comparison, sizes, length of forepole 

(Lfp), impact of in-situ measurement, disturbed ground foundation, length of forepole (or umbrella arch) 
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overlap (Lfpo), and forepole installation methods. Due to the numerical focus of this paper, only the results 

of quantity, cost and sizes of the forepole elements will be further illustrated. 

Volkmann and Schubert (2006a) described the passive response of the support, which requires 

displacement to mobilise the support effects. The stiffness (tfp and Φfp) of the support element requires 

less displacement to mobilise the support effects. The analysis of Volkmann and Schubert (2006a), 

however, did not take into consideration the local arching failure that could occur due to an increase of 

the spacing of forepole elements. The results of Volkmann and Schubert (2006a) and the arching 

statements from FHA (2009) reinforce the importance of a design process that incorporates the local and 

global responses of the system. 

5.5.2 Song et al. (2013) 

Song et al. (2013) carried out numerical and analytical analyses of a large-diameter steel-pipe-reinforced 

umbrella arching model with the parameters listed in Table 5-1. All of the analyses were compared to the 

factors of safety for bending (FOSb) and shear (FOSs). It must be noted that the other supports simulated 

in this numerical model were not changed (i.e. the shotcrete thickness was constant), and the effect of 

failing to consider this constant support will be explained in subsequent sections. 

The parametric analysis by Song et al. (2013) drew the following conclusions: (i) as Φfp 

increased, FOSs and FOSb also increased; (ii) as the overburden depth increased, FOSs and FOSb 

decreased and converged; (iii) as Scfp increased from 40 cm to 60 cm, FOSs and FOSb decreased; (iv) as 

the Young’s modulus of the ground decreased, FOSs and FOSb also decreased. On the whole, the FOSb 

was found to be more critical than FOSs. The observations made by Song et al. (2013) suggest that FOSb 

should be used as the primary indicator when evaluating the stability of the forepole elements. 

5.5.3 Kim et al. (2005) 

Kim et al. (2005) numerically analysed the effect of an umbrella arch when employing forepole elements 

within a grout zone around the outside of the excavation, with parameters outlined in Table 5-1. The 

forepoles used in this study were 60.8 mm in diameter, 3 mm in thickness, and 12 m in length. They were 
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installed with a Scfp of 0.4 m and Lfpo of 6 m, and the αfpa of the umbrella arch was 120°. The grout was 

simulated by multiplying the original ground deformation modulus by a factor of 2. Their results showed 

a greater impact on reducing the surface settlement when employing the umbrella arch system in weaker 

ground conditions (see Figure 5-5), compared to instances that did not include the system (but other 

support was installed). Through a retrogressive analysis, their results further indicated that a prediction of 

surface and tunnel crown settlement is possible. However, their results did not agree with the surface 

settlement reduction plot found in the empirically driven UASC (Oke et al., 2014a) as shown in Figure 

5-5. A comparison of the results from Kim et al. (2005) with the surface reduction plot of Oke et al. 

Figure 5-5: Surface settlement reduction plot from the UASC (Oke et al., 2014a). Black diamonds 

indicate the results found from Kim et al. (2005). Note: FpGUA = forepole grouted umbrella arch; 

FpdGUA = double forepole grouted umbrella arch; FpGcUA = forepole continuous grouted 

umbrella arch; FpGdcUA = forepole double continuous grouted umbrella arch; GcUA = 

continuous grouted umbrella arch. 
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(2014a) illustrates two important factors. First, a parametric analysis with numerical models must be 

calibrated to a case study to bring any validity to the work and, second, due to the complexity of the 

umbrella arch system, it is very challenging to model numerically. 

Table 5-1: Literature review summary of numerical parametric investigations. 

 

5.6 Numerical investigation 

The authors have conducted 2D and 3D parametric analyses in order to illustrate the challenges of 

modelling forepole elements numerically. In each respective case, analyses were conducted by industry 

standard programmes: 2D numerical analyses were carried out by employing Phase2 v7 (Rocscience, 

2010) and v8 (Rocscience, 2013); and 3D analyses were carried out by employing FLAC3D v4 (Itasca, 

2009). These analyses also took into account deep and shallow tunnel excavations. The deep excavation 

was based on the parameters used in Vlachopoulos (2009) and Vlachopoulos et al. (2013) investigations 

of the Driskos tunnel of the Egnatia Odos highway in Greece. The parameters selected are from Section 

4.3 of the Driskos tunnel where forepoles were employed in squeezing-ground conditions of fractured 

flysch material. Selected ground parameters can be found in Table 5-2. The parameters provided the 

authors the opportunity to create a numerical model with previously verified input parameters (matched to 

average in-situ tunnel convergence). In an effort to decrease computational time the simulation was 

simplified to a single circular tunnel excavation (full-face), unless noted otherwise. An additional deep 

numerical model was also created based on a hypothetical squeezing case (hydrostatic condition at depth). 

The relevant general ground parameters of the generic squeezing model can be found in Table 5-2. 

The shallow-excavation runs performed were based on the in-situ surface settlement results and 

support design of the Istanbul metro, as published in Yasitli (2013) and Ocak (2008). Two different 
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sections of the Istanbul metro had similar geological profiles and structural layouts. The major difference, 

however, was that one section employed an umbrella arch system with forepoles while the other section 

did not. This difference allowed the authors to validate the support system for both scenarios, and instilled 

confidence that the parameters used to simulate the forepole element were realistic. The parameters used 

to simulate the ground condition for the Istanbul tunnel can be found in Table 5-2. 

Table 5-2: Parameters used for numerical analysis. Materials were perfectly plastic, with no 

dilation. He is the height 

 

5.6.1 2D numerical investigation 

The literature concurs that 2D numerical analysis does not and cannot accurately simulate the response of 

forepole elements within an umbrella arch (Volkmann and Schubert, 2007; Peila, 2013). In order to 

illustrate this inability, two types of simulations were conducted to analyse the forepole elements within 

an umbrella arch. The first was a homogenous model, suggested by Hoek (2001) as a crude approach 

(Figure 5-6a). The second was an “as-built” model where the forepoles were simulated explicitly (Figure 

5-6b and c). Figure 5-6a illustrates that the stresses appear to capture the radial aching effect around the 

outside of the homogenous region, but the model is not able to capture the local arching between the 

structural elements. Furthermore, the homogenous model is not able to capture the longitudinal stress 

transfer. For the “as-built” model, no additional resistance to the deformation is provided by the forepole 

as shown in Figure 5-6. Figure 5-6d also illustrates the convergence of the unsupported, homogenous, 

multiple “as-built” simulated models (Figure 5-6c) and multiple 3D numerical model results. The 

homogenous model is the only one that is able to capture the expected reduction in the crown 

convergence when other support members are installed. Analysis of this model has found that while the 
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homogenous model might capture empirical trends of reduction of the crown convergence, this method 

does not, however, capture the true longitudinal mechanical response of the umbrella arch. This is 

because when the forepole elements are installed without other supports, there is no significant reduction 

in the crown displacement, as denoted by the 3D analysis results (squares in Figure 5-6d). Furthermore, 

Peila (2013) stated that it is difficult or impossible to define the improved ground conditions. The authors 
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agree with Volkmann et al. (2006) that the only acceptable application of the homogenous model exists 

when grout is continuously connected around the outside of the excavation (with or without steel 

reinforcement). Despite considerations of this type of umbrella arch, it remains difficult or impossible to 

correctly select the accurate stress release action required (Peila, 2013) to capture the 3D tunnelling effect 

of the tunnel face, as explained in detail by Vlachopoulos and Diederichs (2014). 

5.6.2 3D numerical investigation 

As previously explained, the authors conducted parametric analyses based on two different case studies to 

aid in the design and understanding of the forepole structural element. Both case studies have been 

simplified to single excavations with a constant excavation profile (no niche profile). The authors 

understood that such a simplification would, in turn, change the response of the Driskos tunnel 

excavation; however, the material and structural properties were selected from a previously calibrated 

numerical model. The numerical changes to the excavation process and tunnel profile would have a 

minimal impact on the already calibrated input parameters. Further simplifications to the numerical 

models will be stated in the following sections. Still, the authors conducted a parametric analysis on the 

interaction parameters for the forepole structural elements in order to fully understand their influence 

before any parametric analysis on the design parameters took place. The numerical mesh and boundary 

conditions for this analysis of the Driskos tunnel can be found in Figure 5-7a-c. 

The model set-up for the Driskos tunnel has a boundary width of 9Dt from the centre of the tunnel 

axis, and a longitudinal minimum boundary width of 4.5Dt (Figure 5-7b). The boundaries are fixed at the 

bottom and at the entrance plane of the excavation in the normal direction. The top middle strip of the 

model is also fixed in the direction parallel to the tunnel axis (Figure 5-7a and c). Stresses are applied on 

other boundaries to simulate gravity loads (Figure 5-7a and c). The mesh was generated with a finer mesh 

(0.25 m) at the centre, expanding to the peripheries. This primary numerical investigation of the Driskos 

tunnel simulated the forepole elements solely (no other support was simulated) in order to capture the 

independent influence of the support element, unless noted otherwise.  
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The numerical mesh of the Istanbul metro (Yasitli, 2013) can be found in Figure 5-7d. It had 

similar model sizes and boundary conditions as the Driskos case except that a pressure of 100 kPa was 

applied to the surface (top) boundary to simulate the influence of building and traffic (Yasitli, 2013). The 

calibration of the Istanbul metro case was based on in-situ surface settlement results, which was also 

simplified to a single bore excavation. The simplification of the single bore excavation would cause an 

error within the numerical model, as the second excavation would influence the first one. To better 

understand this simplification, a simple 2D analysis was conducted. The authors utilised Phase2 v8 

(Rocscience, 2013) to verify the impact of the twin tunnel excavation. A percent difference of 10% was 

Figure 5-7: 3D numerical models used within this paper. (a)-(c) Driskos tunnel; (d) Istanbul metro; 

and (e) Generic numerical model. 



 

  

 

117 

found between the single excavation and double excavation when the umbrella arch method was not 

employed, as illustrated in Oke et al. (2013a). The calibration of the Istanbul tunnel and further 

parametric analysis will be explained in greater detail in the following section. 

5.6.2.1 Numerical investigation of forepole element  

FLAC3D v4 (Itasca, 2009) possesses three different types of structural elements which can all be 

employed to simulate the individual forepole elements. These existing structural elements are CableSel, 

BeamSel, and PileSel (Figure 5-8a). The CableSel element is capable of bearing axial loading only, and is 

not able to capture the longitudinal bending/stress transfer response of a forepole element. The BeamSel 

element is capable of taking on both axial and bending forces; essentially, the PileSel is a BeamSel 

element with the additional “rock-bolt logic”. The “rock-bolt logic” allows for the ability of the support 

element to account for changes in confining stress around the reinforcement, strain-softening behaviour of 

the material between the pile and the grid, and tensile rupture of the pile (Itasca, 2009). The slider 

constitutive model follows a Mohr-Coulomb failure criterion and the spring is defined by its stiffness 

parameter (Figure 5-8c). The authors have found that the PileSel is the most suitable for the simulation of 

Figure 5-8: Illustration of the PileSel element in FLAC3D: (a) beam-column element; (b) nodal 

division; and (c) interaction parameters. Illustration is modified after Itasca (2009). 
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the forepole element, in agreement with other authors (Broch et al., 2006; Volkmann and Schubert, 

2006a; Vlachopoulos and Diederichs, 2014) who have studied numerically the umbrella arch systems. 

The concern that the PileSel element presents lies in the requirement that exact values of the 

interaction parameters must be selected (especially that of the stiffness parameter, Figure 5-8c). Itasca 

(2009) suggested that these interaction parameters should be obtained from laboratory tests, yet, if 

laboratory testing of this nature is not possible, as is the case in most investigations, the stiffness 

parameter can be approximated by the method introduced by St. John and Van Dillen (1983). A 

simplified version of the St. John and Van Dillen (1983) equation (5-1) has been established to provide a 

reasonable calculation for the stiffness parameter, according to Itasca (2009). In addition, this 

simplification has a one-tenth factor which helps to account for the relative displacement that occurs 

between the structural element and the borehole surface (the annulus), as illustrated in Figure 5-8b. The 

material properties regarding grout are not always provided, as is the case of the Istanbul metro from 

Yasitli (2013) and the Driskos tunnel from Vlachopoulos (2009). Therefore, Itasca (2009) suggested as a 

general rule that the stiffness parameter be set to ten times the equivalent stiffness of the stiffest 

neighbouring zone (equation (5-2), with m value of 1). The stiffest neighbouring zone will always be the 

forepole element. 

𝑘 =
2𝜋𝐺

10 ∙ ln (1 +
2𝑡𝑎
φ𝑓𝑝

)
 

(5-1) 

𝑘 = 10𝑚 ∙ 𝐸𝑓 (5-2) 

where G is the shear modulus of surrounding material (usually grout), ta is the thickness of the annulus, m 

is the stiffness multiplier, and Ef is the modulus of elasticity of the forepole element.  

Identification of the correct stiffness parameter is essential. If the selected stiffness parameter is 

too low, the deformation of rock mass is beyond that of the support element, without capturing the true 

interactions. Conversely, if the stiffness parameter is too great, numerical instability is possible. 

Numerical instability is the result of the failure criteria of the interaction connection (slider) constantly 
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resulting in failure with any slight movement of the numerical mesh around the structural element. An 

example of this sensitivity can be found in Figure 5-9. Figure 5-9 shows the displacement profile of the 

complete forpole element with 2 m having been excavated at the front end of the support element. The 

ensuing results are from adjustments of the interaction parameter by a factor of 10 for the generic 

squeezing numerical model, as previously described. The results illustrate that the greatest magnitude of 

deflection in this simulation was found when m = 0 and the cohesion, c, a parameter in the normal 

interaction direction was set to zero. When the value of m increased or decreased from m = 0, the 

maximum deflection value decreased. 

 

Figure 5-9: Parametric analysis of interaction stiffness parameter in order to determine the 

maximum displacement for a forepole element for the generic squeezing numerical model. Positive 

distance is within the excavated zone and negative distance is in the unexcavated zone of the tunnel 

profile. c is the cohesion, k = 10mEf, where Ef = 200 GPa. 

The interaction parameters for the forepole element of the Driskos tunnel were investigated in an 

effort to illustrate the sensitivity of each parameter, as shown in Table 3. The base model employed the 

parameters suggested by Itasca (2009) and the lowest values (expect practically zero values) were found 

in the literature (Trinh, 2006). The lower values of the sensitivity analysis were based on a zero or 

practically zero value and the higher values were based on the highest values found in the literature 

(Vlachopoulos (2009) for FLAC3D and Funatsu et al. (2008) for particle flow code (PFC) (Itasca, 2002)) 
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or a multiplication of the base value. An illustration of the interaction parameters between the pile 

elements and the numerical mesh can be found in Figure 5-8c.  

The results of this sensitivity analysis are illustrated in Figure 5-10 and Figure 5-11. Figure 5-10 

displays the results of the sensitivity analysis of the tunnel convergence recorded at the tunnel face and at 

the distance three times of the tunnel diameter away from the tunnel face (3Dt). The parameters which 

show an influence on the tunnel convergence in Figure 5-10 are plotted in Figure 5-11. Figure 5-11 

presents the different displacement profiles captured in the sensitivity analysis. The most notable analyses 

from Figure 5-11 are Run 12 and Run 8. Run 12 has a practically zero value for the normal stiffness value 

of kn. Due to such a low kn, little or no stress interaction occurs between the supports of the deforming 

ground. The results from Run 12 suggest that the majority of mechanical response from the forepole 

element comes from the normal stress interaction. Run 8 illustrates that the interaction parameter failure 

occurs between the forepole and the tunnel face, allowing the ground material to “flow” around the 

structural element. The results of this sensitivity analysis find that the parameter kn will govern the 

Figure 5-10: Percent difference of displacement with baseline interaction parameter values. 3Dt 

denotes the measurement of the convergence conducted at the distance three times of the tunnel 

diameter away from the tunnel face. Interaction parameters for each run can be found in Table 5-3 

(modified from Oke et al. (2012)). 
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deflection profile of the forepole element. Furthermore, the cohesion, cs, and the shear stiffness, ks, are the 

second and third most influential parameters, respectively. 

Table 5-3: Interaction parameters for the sensitivity analysis of the PileSel interaction parameters 

with the associated analysis runs. 

 

 

Figure 5-11: Displacement profiles of the first 3 m of a 12 m forepole element obtained by 

numerical analysis with 1 m of overhang. Runs that are too similar to base results are not shown in 

the chart. Interaction parameters for each run number can be found in Table 5-3. 

The authors utilised the lessons gleaned from the interaction sensitivity analysis to calibrate the 

Istanbul metro case study. In order to calibrate the numerical model, the k value (normal and shear) was 

adjusted for all structural elements in situations involving tunnels built without forepole elements. This 

situation was captured within 5% of the in-situ data, which is within acceptable limits of possible error 

due to the aforementioned simplification of the single tunnel excavation. The calibration of the model 
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with the forepole element required a more intensive process as illustrated in Figure 5-12. Figure 5-12 

represents the three-step process carried out in order to find the greatest impact on reducing surface 

settlement due to the installation of the forepole element. First, the ks and kn multiplier, m, was increased 

(denoted by the black squares in Figure 5-12) from 1 until it became evident that the minimum surface 

settlement was present. This minimum value occurred when the stiffness multiplier was 4. Next, the 

normal multiplier was kept constant at m = 4 while the ks parameter multiplier was varied from 1 to 6, as 

denoted by the black diamonds in Figure 5-12. As is illustrated, there was no change in the ground surface 

settlement until the ks parameter multiplier became greater than 4. In the third of three steps, the shear 

multiplier was held constant at m = 4 while the kn parameter multiplier varied from 2 to 5, as denoted by 

the black triangles in Figure 5-12. The smallest amount of surface settlement was captured when the kn 

multiplier was reduced to 3. Consideration of these results dictated that the forepole elements’ shear and 

normal stiffness multipliers were set to 4 and 3, respectively, for analysis of the design parameters of the 

Istanbul metro. The calibrated numerical model with forepole elements was within 25% of the in-situ 

results, a difference of only 10 mm. Such a minor difference can be credited to an inaccurate capture of 

the interaction between the forepole element and other structural support members, as explained in the 

subsequent section. 

Broch et al. (2006) found that a fixed connection between the spile elements and other supports 

could reduce the displacement ahead of the tunnel face by 80%, when compared to the un-fixed (free) 

numerical analysis. However, it remains the authors’ opinion that a forepole embedded into shotcrete 

forms an elastic or plastic connection, not a fixed connection. To date, FLAC3D does not support 

multiple-layered interaction connection (Itasca, 2009), which makes an elastic/plastic connection difficult 

to be incorporated. In lieu of this, the authors felt that a free connection would most closely represent 

reality. 
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5.6.2.2 Design parameters investigation 

As previously discussed, a parametric investigation in the Driskos tunnel and the Istanbul metro was 

conducted to illustrate the influence of each design parameter: Scfp, αfpa, the size/stiffness of the forepole 

element, αfp, Lfpo, and the effect of other supports and geometry. 

 

Figure 5-12: Numerical results of the Istanbul metro for calibration of the normal and shear 

stiffness interaction parameters. 

5.6.2.2.1 Centre to centre spacing, Scfp 

Centre to centre spacing, Scfp, of the forepole element of an umbrella arch was investigated by increasing 

the number of forepole elements that spanned a coverage angle of 180° from 3 to 157. Figure 5-13a 

illustrates the results of this analysis. An increase in the number of forepoles from 3 to 53 yields a 

displacement at the free end of the forepole of 18% difference (denoted by the diamond markers within 

the embedded chart of Figure 5-13a). Despite this, there remains only a 5% difference of displacement 

when the number of foreploes was increased from 53 to 157 (denoted by the square markers within the 

embedded chart of Figure 5-13a). Therefore, the addition of more forepoles in an effort to control 

deformation beyond this threshold is, perhaps, not significantly advantageous when balancing material 

cost and operational cost (as noted previously in the investigation of spacing by Volkmann and Schubert 
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(2006a)). It is important to note that the mesh size of the numerical model was 0.25m at the tunnel 

boundary, which is nearly equal to Scfp of the 63 forepoles. Thus, after the number of forepoles is greater 

than 53 (~0.3 m spacing), minimal impact is induced by the mesh size of the numerical mode. 

Furthermore, as the numerical model used was a continuous model, failure that would most likely occur 

between elements with larger spacing was not captured, rendering the results of this numerical analysis 

applicable only for stable (at the tunnel face) squeezing ground conditions, such as the Driskos case. 

 

Figure 5-13: Displacement profiles of the first 2 m of a forepole element based on 3D numerical 

analysis with the Driskos tunnel parameters. The plot illustrates the values of displacement of the 
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free end of the forepole with varying number of forepoles: (a) effect of number of forepoles; (b) 

effect of forepole size; and (c) effect of angle of installation. 

Scfp was further investigated by employing the numerical model based on the Istanbul metro (αfpa 

≈ 170°, Scfp = 40 cm, Φfp = 114 mm). A numerical analysis was carried out to investigate the effect of 

varying centre to centre spacing from 26 cm to 50 cm while simultaneously changing the coverage angle 

from 90° to 200°. Twenty four cases were analysed to allow for a higher resolution of natural neighbour 

interpolation of data points with the ranges examined. The results of these analyses (see Figure 5-14) 

illustrate a slight difference in reduction of surface settlement with the effect of spacing in comparison to 

the coverage angle. It is found that the coverage angle has a greater influence than the spacing of the 

forepole element on the global response of the system. It is also apparent from raw data, however, that the 

40 cm spacing is capable of controlling settlement more effectively than spacing with an equivalent 

coverage angle of up to 160°, indicating an optimum spacing value. Once again, however, this analysis 

was unsuccessful at capturing the local failure between the support elements (due to mesh size), and the 

interaction parameters were only calibrated to a spacing of 40 cm. According to these results, the stress 

Figure 5-14: The effects of centre to centre spacing and coverage angle on surface settlement based 

on numerical models (parametric analyses of 24 cases) of the Istanbul metro. 
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redistribution caused by installation of the forepole elements were captured, as illustrated in Figure 5-15. 

Figure 5-15 displays the final displacement of three different points around the tunnel cavity for varying 

coverage angles while maintaining constant spacing (40 cm). The results find that the stresses are first 

redistributed at the side walls, causing great deformations. As the coverage angle increases, the stresses 

are transferred away from the excavation walls to below the excavation due to the support, decreasing the 

convergence of the side walls further, which explains why the coverage angle has a greater impact on the 

global response.  

 

Figure 5-15: Effect of coverage angle on displacement for a 40 cm forepole spacing for the Istanbul 

metro analysis. Right embedded image displays a αfpa of 200°, and the arrows illustrate the location 

of referenced displacement to the respective curve. 

5.6.2.2.2 Size/stiffness of the forepole element 

A parametric analysis based on the Driskos tunnel was also conducted on the size of the forepole element. 

The value of Φfp was selected to capture the full range of acceptable forepole sizes. The smallest diameter 

was that of the largest standard size rebar used in Europe (50 mm). The range of forepole metal pipes 

used in the analysis was based on the values cited in the literature. Intermediate sizes were also evaluated 

in order to determine the effects of a constant tfp (6.5 mm) while simultaneously altering the value of Φfp, 

and a constant Φfp (141 mm) while altering the value of tfp. These numerical changes in the size of the 
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forepole element, however, only affect the stresses being applied to the structural element (surface area) 

and the stiffness of the structural element. The purpose of these numerical runs was to assess an optimal 

range of forepole size. Forepole elements require a minimisation of stress concentrations to ensure a large 

enough exposed perimeter to disperse stresses, but must be simultaneously small enough to move with the 

ground. The result of this analysis can be found in Figure 5-13b. The optimum size for Φfp was 101-141 

mm, with a tfp of 4¸-6.5 mm, which resulted in a moment of inertia range of (2.2-6.2) x 106mm4 as denoted 

with black lines in Figure 5-13b as well as the squares within the imbedded image. 

5.6.2.2.3 Angle of installation 

The angle of installation (αfp) was also investigated using the Driskos tunnel numerical model. The 

change of αfp was adjusted by increasing the rise (offset length normal to the tunnel boundary) of the 

forepole element. The lowest rise was set to capture the extreme case whereby the forepoles were 

separated by 12 cm (to allow for the application of shotcrete and other relevant supports, and accessibility 

of equipment). The rise was increased slightly in order to capture the typical installation angles (3°-7°). 

Further incremental runs were conducted until a rise of 3.6m was achieved, in an effort to capture an 

installation angle greater than 15°. Such an analysis indicated that increasing the installation angle of 

forepole will decrease the displacement of the forepole. On average, the forepole also experienced 2.6 

mm of displacement at the face. Conversely, a decrease in convergence was observed at the tunnel face 

(3.51%) and 3Dt from the face (2.82%) as the rise was increased from 0.4 m to 3.6 m. Within the forepole 

structural element itself, the numerical analysis captured a compression of 800 N for 0.4 m rise, which is 

in sharp contrast to a recorded tension of 4200 N for the 3.6m rise. It can be postulated that with an 

increased angle, the forepole would act in a mode similar to that of a rockbolt rather than purely a 

forepole function. This conclusion is conducive with rockbolt design logic, usually most effective when 

the rockbolts are installed normal to the tunnel axis and take on tension, while forepoles bear axial 

compression force (Volkmann and Schubert, 2007). 
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The niche profile is defined by the angle αfp, which creates a greater excavation opening with a 

larger angle. This analysis did not, however, simulate the niche profile and, as such, did not capture the 

effect of the increasing excavation opening size with the increasing αfp. From the authors’ collective 

experiences, the minimal improvement to convergence for the numerical model does not outweigh the 

potential for further convergences based on the absent assumptions of the numerical model. Thus, the 

authors conclude from this analysis that the αfp of a forepole element should not diverge significantly 

from the horizontal plane unless structural analysis is conducted to ensure that the support is analysed in 

accordance with various modes of failure. The results of this analysis can be found in Figure 5-13c. 

5.6.2.2.4 Overlap of umbrella arch 

An investigation was carried out to determine the effect of overlap of the umbrella arch, Lfpo, design for 

the Istanbul metro (Lfpo = 3 m, Lfp = 12 m). This analysis, however, was modified to a full-face excavation 

in order to remove the influence of staged excavation (i.e. top heading and bench) on the tunnel face and 

to promote more convergence at the tunnel face. Different overlaps of 0 m, 3 m, 4 m, 5 m and 6 m were 

selected for the analysis. Figure 5-16 illustrates the improving trend of Lfpo when (a) the density of the 

face reinforcement has been kept consistent with the original design and (b) the face reinforcement is not 

altered from the original design (support only installed within top heading region). In both cases, the 

surface settlement of the numerical model converges when Lfpo is greater than the Rankine block failure 

distance (RFD) (i.e. the distance away from the face that the RFD passes), as illustrated in Shin et al. 

(2008),Wang and Jia (2008), and Volkmann and Schubert (2010). This finding indicates that, in order to 

optimise the effect of umbrella arch on surface settlement, forepoles should always be installed just past 

the failure zone distance, ahead of the tunnel face. Furthermore, it was found when the umbrella arch was 

not installed, there was only a 13% improvement of the surface settlement by increasing the face 

reinforcement from case (b) to case (a). Comparably, when the umbrella arch was installed (3 m of 

overlap only), there was a 58% improvement of surface settlement when the face reinforcement was 

increased from case (b) to case (a), as shown in Figure 5-16. Such differences regarding surface 
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settlement between the two face reinforcement patterns are caused by the redistribution of stresses at the 

invert of the tunnel, resulting in larger displacements at the bottom of the tunnel face. These results 

indicate the importance of well-designed face reinforcements and the requirement for further investigation 

of the impact of face reinforcement and umbrella arch interaction. 

 

Figure 5-16: Effect of forepole overlap on the numerical model of the Istanbul metro with a full-

face excavation. Case (a) the density of the face reinforcement has been kept consistent with the 

original design. Case (b) the face reinforcement is not altered from the original design (support only 

installed within top heading region) 

The effect of the overlap was also investigated with the generic squeezing numerical model. Two cases 

were numerically analysed, the first with a 4 m overlap and the second without overlap. The deflection 

profiles of the two numerical models are plotted in Figure 5-17 where only 1 m of the forepole element is 

shown. The location of the free end of the forepole element was 2 m from the tunnel face (outside the 

range of Figure 5-6) The analytical models proposed by Oke et al. (2014b) were calibrated to the two 

different cases by the least square analysis for both loading conditions defined by the longitudinal 

displacement profile (LDP) by Vlachopoulos and Diederichs (2014) and the modified LDP by Oke et al. 

(2013b). It was therefore determined that by curve fitting of the deflection profile, a factor (0.5 and 0.4 for 
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the LDP and the modified LDP, respectively) of the loading condition within the region of the overlap 

was required in order to match profiles. This is a promising result which captures the additional benefits 

of the overlap. However, additional investigation is required with regard to in-situ results in order to 

further quantify and validate this reduction of the loading condition. The analytical process is outside the 

scope of this paper, and will not be further discussed within this paper. Further explanation of this 

analytical process can be found in Oke et al. (2014b). 

 

Figure 5-17: Results of numerical models based on the generic squeezing tunnel and semi-analytical 

models based on the proposed model of Oke et al. (2014b). The 4 m overlap case had a loading 

condition reduced by a factor of 0.5 and 0.4 for the LDP and modified LDP, respectively. 

5.6.2.2.5 Other support elements and geometry 

The impact of additional temporary support elements on the response of the umbrella arch support system 

has been found to be critical. The empirical evidence used to create the UASC (Oke et al., 2014a) shows 

that with increasing overburden, there should be a greater reduction in surface settlement. However, the 

numerical model of the Istanbul metro illustrates that increasing the overburden by 2 m induced an 

increase of 19% of surface settlement, as denoted by the 5 solid black outlined squares in Figure 5-18 

(Oke et al., 2014c). This increase can be attributed to the 30% increase of the convergence of the 
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excavation as the overburden increases and as the support system remains unchanged. Negative trends 

with respect to overburden were found when double forepole grouted umbrella arch (FpdGUA) was 

investigated, as denoted by the 5 solid black outlined triangles in Figure 5-18. These results, as well as the 

results found in Kim et al. (2005), indicate that the design of the umbrella arch support requires the 

inclusion of some type of factor associated with the remaining support system employed. Furthermore, 

the results illustrate that the circle geometry creates less surface settlement (when the umbrella arch is not 

installed) of 22% and 46% for the 6.5 m and 6.0 m diameter tunnels, respectively, when compared to the 

as-built case for the Istanbul metro. When an umbrella arch was installed for the 6.0 m and 6.5 m 

diameter tunnels, the reduction of surface settlement was found to be 53% and 58%, respectively. 

Therefore, the results of circular tunnels found that the forepole grouted umbrella arch (FpGUA) had less 

influence on reducing the surface settlement than those installed for a horseshoe tunnel. Similar results 

were found when the FpdGUA was simulated in the Istanbul model, and 73% and 71% reduction of 

surface settlement occurred for the 6.5 m and 6.0 m diameter tunnels, respectively.  

 

Figure 5-18: Numerical analysis results from the Istanbul metro plotted on the subsidence 

management plot from the UASC. Squares denote analysis conducted with a FpGUA, and triangles 

denote a FpdGUA. SEM = sequential excavation method. 
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5.7 Optimisation methodology and validation 

Both the literature and the numerical investigations provide findings which support the inclusion of 

numerical assessment for the spacing and overlap design parameters in the umbrella arch system, prior to 

analysis of the global response. Such numerical assessments are required as these design parameters are 

based on local failure mechanisms which remain difficult to be captured (and quantified) in a numerical 

analysis of the complete tunnel excavation. In the following sections, the authors will propose an 

optimisation methodology which employs numerical analysis to select design parameters. This 

optimisation will be conceptually validated using the worst squeezing case scenario captured at the 

Driskos tunnel at section 8 + 746. At this location, the FpGUA did not fail, so it is eligible as validation 

for the design methodology. The worst section (Chainage 8 + 746), however, included displacements far 

greater than the average parameters used in previous analysis. Therefore, further investigation is required 

and will be presented in the following section. 

5.7.1 Driskos twin tunnel construction project 

As previously stated, the preliminary properties used for the Driskos tunnel analyses were found prior to 

the tunnel excavation. Upon excavation, it was discovered that at the selected location the squeezing of 

ground material was far greater than anticipated (Vlachopoulos, 2009). The maximum tunnel closure 

recorded during the top heading was found to be 210 mm (Egnatia Odos, 2001), along with primary-

support failures along a stretch of the left bore (Chainage 8+500 to 8+800) (Grasso et al., 2005). From 

Chainage 8 + 657 to 8 + 746, monitoring data were collected and presented by Vlachopoulos (2009), as 

shown in Figure 5-19. The calibration process was carried out from the worst case of convergence from 

in-situ data, Chainage 8 + 746. Despite the large deformation in this case, the forepole elements did not 

fail, rendering the design recommendation functional for these conditions. While the preliminary 

properties successfully captured the trend of most of the in-situ data at Chainages 8 + 657, 8 + 697, and 8 
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+ 724, as illustrated in Figure 5-19, they underestimated the displacement of the isolated condition at 

Chainage 8 + 746, despite the numerical model not having included any support elements. A back 

analysis conducted by Marinos et al. (2006) on a similar rock mass found that the σci value was greatly 

overestimated for this isolated case, and must be reduced from 26.25 MPa to 5-6 MPa for the given 

Driskos overburden. The reduction of rock mass parameters can be found in Table 5-4. This reduction 

allowed for displacements of an unsupported model analysis far greater than that of the in-situ supported 

model, as shown in Figure 5-19. The authors have conducted a calibrated as-built numerical model 

simulation of the Driskos tunnel section 8 + 746, as shown in Figure 5-20. Only the spacing and overlap 
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Figure 5-19: Comparison of in-situ data to numerical results of unsupported model. Hollow 

markers denote typical recorded data and filled markers denote the isolated squeezing condition. 

The grey shaded region represents the range of possible solutions of supported model based on 

numerical parametric analysis of the isolated ground material found in Table 5-3. 
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design parameters, however, are altered within this investigation; complete optimisation for the other 

design parameters (Φfp = 101 mm, tfp = 6.3 mm, Lfp = 12 m, αfpa = 160°, and αfp = 5.73°) will not be 

conducted. It is important to note that the zero reading for the in-situ data was not taken untill at least 10 

m back from the tunnel face (as illustrated in Figure 5-19), making it difficult to calibrate the numerical 

model to any displacement near the tunnel face.  

 

Figure 5-20: Illustration of the numerical model and support layout of the Driskos tunnel. (a) Cross 

section image of the numerical model of the Driskos tunnel. (b) Support layout used at the Driskos 

tunnel project (Egnatia Odos, 1998). (c) Oblique image of the as-built design of Driskos tunnel with 

visual support element used for analysis. Only top heading is excavated. 

Table 5-4: Parameters used for numerical analysis of the as-built Driskos tunnel at Chainage 8 + 

746 (Marinos et al., 2006; Vlachopoulos, 2009). 
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5.7.2 Spacing assessment 

As previously mentioned, an investigation is required to find the maximum spacing for the forepole 

elements within the umbrella arch arrangement. Otani et al. (2008) proposed an experimental design 

spacing based on the diameter of the forepole and the friction angle of ground material. The result of this 

experimental design criterion theoretically maximised the height of the failure region to the radius of the 

forepole. However, this design did not take into consideration the effect of cohesion. The assessment from 

Doi et al. (2009) found that the friction angle had a minimal impact on the failure compared to the 

cohesion. In order to assess the possible maximum spacing, Doi et al. (2009) performed a trap door test 

using a discrete particle element model, PFC (Figure 5-3a and Figure 5-21a). They employed the forepole 

elements as rigid (fixed) particles and sequentially removed the boundary condition between and 

underneath the elements. As previously stated, Doi et al. (2009) captured the effect of cohesion and 

friction angle, which was then related to the local failure height between the forepole elements. This 

height, however, was not associated with any design standard to replace the work of Otani et al. (2008). 

 

Figure 5-21: PFC numerical modelling of forepole spacing. (a) Illustration of boundary arching 

effect of the ground caused by the imposed boundary conditions, modified after Doi et al. (2009). (b) 

Illustration of local arching and failures, modified after Stockl (2002). 
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Based on the work of Stockl (2002), shown in Figure 5-21b, Volkmann and Schubert (2007) 

indicated that the required spacing was designed to maintain local arching. In this event, the height of 

failure should not be an indication of the spacing design parameter, but instead be based on the forepole 

spacing ability to prevent ravelling type failure between forepole elements. This type of failure 

mechanism could not be captured in Doi et al. (2009) as the boundary conditions were not located in the 

centre of the forepole element. Doi et al. (2009) imposed a mirror on the outside edge of the model to 

simulate forepole elements with irregular spacing (i.e. side by side, space, and side by side). This irregular 

spacing further resulted in a boundary arching effect, as shown in Figure 5-21a. Stockl (2002) performed 

a small scale physical experiment to illustrate two failure modes: local and global (Figure 5-22). He 

illustrated that both of these failure modes could be captured within a comparable PFC numerical analysis 

(Figure 5-21b). The authors decided to therefore illustrate this method through the creation of a similar 

type of analysis geared toward discovery of the optimum forepole spacing. Two such methods are 

illustrated within this paper, the first is a simplified model (continuum) while the second is an advanced 

model, such as the one proposed by Doi et al. (2009) and Stockl (2002). 

 

Figure 5-22: Physical testing (trap door) results of Stockl (2002). (a) Local failure between forepole 

elements. (b) Global arching failure across forepole elements. 
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5.7.2.1 Simplified model 

The simplified model will be illustrated by employing the Phase2 modelling programme, based on a 

homogenous material, for the ground and element zones to represent the grout and forepole elements. The 

boundary conditions and mesh of the simplified model are illustrated in the top portion of Figure 5-23, 

which also illustrates the resulting options for loading conditions (field stress and gravity). The bottom 

boundary stress condition is lowered from in-situ to zero. When the loading conditions were compared 

with the calibrated numerical results of Stockl (2002), the gravity driven-stress condition represents 

reality more accurately due to the shear failure developed above the forepole elements. The overall 

results, however, tend to develop a comparable tension failure region once the bottom pressure boundary 

is completely removed. Furthermore, the Phase2 analysis is based on a continuum model, and the ground 

material cannot fall between the forepole elements, as illustrated in the model by Doi et al. (2009). Based 

on the rigidity of the forepole elements and the imposed boundary conditions, a local arching effect will 

Figure 5-23: Illustration of the simplified spacing assessment for a 114 mm diameter forepole 

elements with 50 cm spacing. Top - mesh and boundary conditions of numerical model; Middle – 

field-stress-driven failure region propagation; and Bottom - gravity-driven failure region. 
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be consistently achieved (within realistic spacing parameters). The model, however, is able to capture the 

tension failure region, which, in theory, would have fallen out during the excavation. 

An analysis was conducted on the spacing based on the average Driskos tunnel parameters. The 

tension failure region was found to be greater than the radius of the forepole elements when the spacing 

was increased to 35 cm. This result agrees with the as-built design of an initial spacing of 30 cm for the 

forepole elements. The spacing of the forepole element, however, is not constant due to the angle of 

installation of the forepole elements. As shown in Figure 5-24, the forepoles at the Driskos tunnel project 

were installed at an angle of 5.73° which would result in a spacing of 36 cm after 8 m of excavation (the 

location of the next installation of forepole elements). An even greater spacing allowance could exist (up 

to 44 cm) if the calculation included the 0.5% average deviation of drilling (Mager and Mocivnik, 2000). 

Therefore, as an alternative to Otani et al. (2008), the authors hypothesise that a more appropriate design 

standard would designate that the maximum design spacing of the forepole element be based on the 

failure region height, equalling the diameter of the forepole element, as was found to be the average in the 

Driskos tunnel case. 

 

Figure 5-24: Spacing assessment, with and without 0.5% drilling error, based on a 12 m length of 

forepole element, with a αfp of 5.73°. 
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To further validate this failure region height, an analysis was carried out using the new properties 

for section 8 + 746 of the Driskos tunnel. It was concluded that the spacing could not be determined 

without consideration of the other support members and the effect of the tunnel face. The support pressure 

(bottom boundary condition) was reduced to the mobilised support pressure (0.32 MPa) based on 

convergence-confinement method (Carranza-Torres, 2004; Hoek, 2007; Vlachopoulos and Diederichs, 

2014). It was found through the simplification model that a local failure between the forepole elements 

would occur between a spacing of 40-45 cm, as shown in Figure 5-25. This value is in agreement with the 

theoretical maximum spacing that occurred within section 8 + 746 (44 cm) due to a 0.5% installation 

deviation and installation angle of 5.73°. 

 

Figure 5-25: Simplified analysis of the new Driskos tunnel spacing assessment, with an internal 

pressure of 0.32 MPa. Contour of displacement: Red = minimum (~0 mm); Blue = maximum; 

White dots denote tension failure. Shear failure is not shown. 



 

  

 

140 

5.7.2.2 Advanced models 

The previous results may prove successful for homogenous materials, but may not be applicable for more 

complex material models where stability of the ground structure may be the governing factor (gravity 

driven failures). It is important to note that all of the further analysis of the spacing assessment will be 

performed with 50 cm spacing in order to promote the various failure modes that potentially could be 

exhibited by advanced numerical models.  

While advanced models are able to capture the structural failure mechanism, the models do 

require calibration of the material parameters. Such calibration can be performed with the ground material 

simulated as a particle or discrete element model, or continuum (such as Phase2) model with simulated 

joints or Voronoi grains. Calibration is required to ensure proper interaction between particles or joints, as 

shown in Potyondy and Cundall (2004) for PFC models. 

As an alternative to discrete particle codes, Figure 5-26 provides an illustration of a Voronoi 

model and displays two of the four different automatic Voronoi mesh generations built into Phase2. The 

interaction parameters and the average size of the Voronoi model were held constant for the two different 

models, while the coefficient of uniformity was altered. It is apparent that the coefficient of uniformity 

has an additional impact on the design of the optimum forepole spacing, and should be taken into 

consideration for design. This Voronoi process can also be easily simulated with discrete-element models. 

When assessing the spacing of the forepole element, another aspect that must be taken into 

consideration during the design process is the joint network of the ground material. An illustration of the 

impact of the joints on the response of the spacing can also be found in Figure 5-26. The top left side of 

Figure 5-26 illustrates a hypothetical condition in which joints are offset by 90° but remain parallel and 

perpendicular to the tunnel boundary surface, respectively. The top right side of Figure 5-26 illustrates a 

hypothetical condition where joints remain offset by 90° but are 45° from the tunnel boundary surface. It 

is apparent that if the numerical model was not constrained within a continuum approach, a triangular-

shape block would have failed between the two forepole elements until the “apparent arch” was formed. 

Similarly, on the left side, a possible rectangular block would have failed between the two forepole 
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elements. With regard to the failure limit, however, it is not explicitly clear where the rectangular block 

would have failed or the exact height to which the apparent arch would have propagated. This joint model 

process, which was simulated in Phase2 with an explicit joint boundary, could be easily simulated with 

UDEC, but is not illustrated within this paper. 

 

Figure 5-26: Illustration of the use of Voronoi and joint-sets models to define the failure region for 

a 50 cm forepole spacing with gravity-driven stress condition. The red lines indicate the failure 

joint surface of the Voronoi mesh or joint surface. 

Though relatively simple, these advanced models can provide great insight into the mechanical 

interaction which exists between the individual forepole elements and the ground. Due to the demands on 

time, this type of assessment is not economically feasible (time requirement) within a complete 3D 

numerical analysis of the tunnel excavation. All other parameters, however, are capable of assessment in 

terms of the global response of the umbrella arch system, such as the overlap of the forepole elements. 
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5.7.3 Overlap assessment 

As previously illustrated, the forepole element must be embedded past the disturbed zone ahead of the 

tunnel face. Based on the numerical investigation of the Istanbul metro it was found that, the Rankine 

active failure block was a suitable approximation of the required overlap of the forepole elements of the 

umbrella arch. The approximation, however, does not include the impact of other face-stabilising 

techniques. Limit equilibrium analysis could be taken into account for the other stabilising techniques. 

This type of analysis is outside the scope of this paper, but will be investigated in future research. Another 

approach available for assessment of the overlap requirement is the axisymmetric analysis as it requires 

merely hours for analysis, as opposed to days for a complete 3D numerical analysis. This axisymmetric 

analysis must be used with caution, however, as it is only truly applicable for installation of the forepole 

element in squeezing-ground conditions. 

Axisymmetric analysis can be performed to illustrate the required overlap by assessing the 

distance from the tunnel face, along the tunnel boundary, to the outer limits of shear strain failure or the 

extent of plastic failure. An illustration of the extent of plastic failure can be found in Figure 5-27. The 

additional face-stabilising techniques can be simulated within the numerical analysis to capture their 

effect on the reduction of the required overlap. Structural supports within Phase2 analysis, however, 

cannot be simulated within axisymmetric analysis (except liners). Therefore, simplifications and/or 

approximations must be taken into consideration to simulate the face-stabilising techniques. To illustrate 

simplifications and/or approximations, the authors have conducted an assessment on face reinforcement 

(soil nails) simulated as internal pressure acting at the face and improved ground conditions (Figure 5-27). 

As is illustrated from the numerical analysis results presented in Figure 5-27, the support (shotcrete only) 

is capable of reducing the failure region ahead of the tunnel face. It is also apparent that face support 

(simulated by an applied pressure or improved ground condition) will further reduce the failure in the 

vicinity of the tunnel face. Therefore, before embarking on a time-consuming 3D numerical analysis, a 

simple axisymmetric model can be substituted to find the failure region ahead of the tunnel face and to 

help define the overlap required for successive umbrella arches. 
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Figure 5-27: Illustration of the impact of different supports (and simulations of support) on the 

shear failure distance from the tunnel face along the excavation profile boundary. 

The requirement for overlap for a squeezing-ground condition is completely different from that 

for a subsidence-driven condition. To ensure optimal use of the support in terms of reducing surface 

settlement, it is required that the next umbrella arch of support is installed while the embedded end of the 

current umbrella is in stable ground. In squeezing-ground conditions, the plasticity zone is far greater, and 

it remains impractical to install an overlap with this guideline. Furthermore, the rationale for installing 

forepoles under squeezing-ground conditions is to transfer the stresses longitudinally away from the 

tunnel face which will, in turn, reduce degradation of the rock mass through confinement. Therefore, 

minimal embedment length, as opposed to subsidence, is required. From these considerations, the authors 

proposed that the selection of the overlap should be based on the maximum distances of the tension 
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failure in front of the tunnel face. The required overlap, based on section 8 + 746, was found to be 1.488 

m for the unsupported model and 2.412 m for the supported model, as shown in Figure 5-28. The design 

for the overlap is also based on the predetermined excavation step, which was 2 m. Therefore, the 

optimum overlap should be 2 m.  

 

Figure 5-28: Tension failure of an axisymmetric analysis for the Driskos section 8 + 746. Left: 

unsupported. Right: supported (shotcrete only). Shear failure is not shown within image. 

5.7.4 Driskos tunnel design optimisation 

As previously stated in Section 5.7.2.1, without changing/optimising the remaining design parameters, the 

result of the optimised initial spacing was found to be 25 cm, based on a maximum spacing of 40 cm with 

an overlap of 2 m for a 12 m long forepole element, as illustrated in Figure 5-24. As was shown in Figure 

5-19, a “calibrated” numerical model was found within the range of the parametric analysis of support 

interaction parameters. This calibrated model was created attempting to match the displacement trend 

from the worst case in-situ parameters. The exact profile was not able to be captured, which was 

attributed to simulating a homogenous material throughout the whole numerical model, as well as not 

simulating the niche or saw-tooth profile. However, the results are within reasonable limits for 

comparison of the optimised simulations. During the optimisation of the umbrella arch support, layout of 
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the forepole elements with the simulated overall displacement profile did not change significantly, as 

shown in Figure 5-19. The maximum resulting moment comparison, conversely, found that there was a 

27.0% and -26.9% difference of positive and negative moment, respectively. This large difference of 

moment, however, was insignificant because the maximum resulting moment was over 100 orders of 

magnitude greater than forepole capacity found by Volkmann and Dolsak (2014). This finding is an 

indication either that the forepole elements stiffness was over-designed or was required to provide safe 

and effective excavation process for squeezing ground conditions. Furthermore, the optimised design 

resulted in an 8% reduction in tangential stress acting on the tunnel walls.  

The economic impact of this design change was evaluated. For each umbrella arch installed, 10 

more forepoles would be employed to keep the same αfpa when changing the initial spacing from 30 cm to 

25 cm. This increase in forepole elements would require more time to install, slowing the excavation 

process. However, the decrease in the requirement for Lfpo over a 40 m stretch (before the next umbrella 

arch is installed) results in one fewer umbrella arch installation set-ups when changing Lfpo from 4 m to 2 

m. This optimised design results in one fewer umbrella arch installation set-up and 10 fewer forepole 

elements total employed over 40 m of excavation. Therefore this optimisation of design will decrease the 

time required to install by 10 fewer forepoles and one less set-up of the forepole jumbo for each 40 m of 

excavation, increasing the excavation rate. 

5.8 Summary and Conclusions 

This paper has investigated relevant concepts with respect to the employment of numerical techniques and 

analysis in support of the design of umbrella arch systems. An examination of 2D numerical analysis 

determined that such techniques were mechanistically incorrect for capturing the global response of such 

support systems, yet efficient in capturing localised failure between support elements and with respect to 

support-ground interaction; meanwhile, 3D analysis proved necessary for the capture of the global 

response of forepoles within an umbrella arch system. Through a detailed illustration of multiple, relevant 

sensitivity and parametric studies, the importance of interaction parameters was emphasised, and 
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procedures of recommended calibration processes were presented for both shallow and deep tunnelling 

excavation scenarios. The most sensitive parameters were determined to be kn, ks, and Cn. The individual 

influence of each respective design parameter on the global response was also presented.  

The length of overlap, Lfpo, was found to be related to the investigated failure region ahead of the 

tunnel face. For subsidence-driven (shallow) designs, Lfpo must extend beyond the plastic failure region. 

For squeezing ground, Lfpo must extend past unstable ground sections, with the extent of tension failure 

assumed. The axisymmetric analysis was found to provide a quick approximation of this design 

parameter.  

The coverage angle of the forepole elements, αfpa, was found to exert a greater influence on the 

global response of a system than the centre-to-centre spacing of the forepole elements, Scfp. The Scfp was 

found to be a critical design parameter, yet one that could not be easily captured in full-scale 3D 

numerical analysis. The authors have therefore proposed a 2D analysis approach in order to capture the 

maximum spacing, based on typical size/stiffness of the forepole elements (diameter, Φfp, and thickness, 

tfp), and the angle of installation αfp. Such approaches can be employed for both squeezing-ground 

conditions (continuum model) and gravity-driven failure (particle, discrete, and jointed continuum 

models). 

The increase of the angle of installation from the horizontal was found to slightly decrease the 

convergence of the continuous profile of the tunnel excavation. This result, however, proved to be 

relatively insignificant for a “saw-tooth” profile excavation due to the increased requirements of other 

support members. As noted previously, the umbrella arch with forepole elements is always employed in 

conjunction with other temporary support systems; these additional systems also have an influence on the 

global response of the complete system that must also be determined. 

In conclusion, this paper presented the use of numerical techniques in order to add value to the 

understanding of the influences of design parameters on forepole elements used within an umbrella arch 

system. The paper also provided an overview of suggested, sound numerical-modelling procedures for 
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support systems, optimisation of design, and the comprehensive performance of full 3D analysis of 

preliminary design. 

It should be noted, however, that sound engineering judgement and a comprehensive 

understanding of the fundamentals associated with geotechnical, mechanical and numerical analysis 

factors are always prerequisites to conducting a preliminary design for tunnel construction of this nature. 

A designer must understand the limitations associated with the numerical tools combined with the 

accuracies related to obtaining sound geotechnical data (i.e. input and interaction parameters, site-specific 

factors, etc.). 
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Chapter 6 

Improvement to the Convergence-Confinement Method: Inclusion of Support 

Installation Proximity and Stiffness 

Abstract  

The Convergence-Confinement Method (CCM) is a method that has been introduced in tunnel 

construction that considers the ground response to the advancing tunnel face and the interaction with 

installed support.  One limitation of the Convergence-Confinement Method is due to the numerically or 

empirically driven nature of the Longitudinal Displacement Profile and the incomplete consideration of 

the longitudinal arching effect that occurs during tunnelling operations due to the face effect. In this paper 

the authors address this issue, specifically when it the CCM is used within squeezing-ground conditions at 

depth. Based on numerical analysis the authors have proposed a methodology and solution to improving 

the CCM to allow for more accurate results for squeezing ground conditions for three different excavation 

cases involving different excavation-support increments and distance from the face to the supported front: 

Tunnel Boring Machine, Mechanical (conventional), and Drill and Blast.    
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6.1 Introduction  

The Convergence-Confinement Method (CCM) (AFTES, 1983) is a method which is intended to consider 

ground response to tunnel face excavation and the effect of installed support. The method included a three 

step analysis, considering i) the Ground Reaction Curve (GRC), which relates internal pressure to 

displacement (convergence) of the tunnel walls; ii) the Support Reaction Curve (SRC) which relates 

deformation (confinement) of the support pressure to the convergence; and iii) the Longitudinal 

Displacement Profile (LDP) which relates tunnel wall convergence to the position of the tunnel face. The 

purpose of the LDP is to determine uniquely the location at which the support is installed (i.e. the 

initiation of the SRC with respect to the GRC).  This is currently established through the association 

between support installation location along the tunnel and the associated level of displacement (on the 

GRC) for the equivalent unsupported tunnel at that location. This point of support installation is a key 

practical outcome of the method. For instance, if a stiff support is added too soon, subsequent tunnel 

convergence results in excess support stresses in the temporary support elements.  If the support is added 

too late, excess convergence of the unsupported tunnel results in a local dissipation of confinement and 

allows for detrimental loosening, of the rock mass and ultimately ground failure, before the support is 

installed.   

The GRC and SRC are analytical solutions defined by their respective analytical formulations and 

an assumption of plane-strain conditions. The GRC and SRC are two independent solutions that do not 

influence one another when support is installed within the cavity of the excavation (e.g., steel sets, 

shotcrete). In the simplest case, the LDP is based on an unsupported case (i.e. with no support).  Cantieni 

and Anagnostou (2009), Bernaud and Rousset (1996) and Vlachopoulos and Diederichs (2009, 2014) and 

others elaborate on the inaccuracies and practical problems with this approach. The objective of the paper 

is to improve the applicability of the CCM for near face support.  The proposed methodology explores the 

following concepts: accuracy of the current state of practice of employing the SRC based on the 

unsupported LDPs; the influence of support on the tunnel face convergence and LDPs; accuracy of the 
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current state of supported LDPs; and the influence of the overloading effect of the support. These 

concepts and the developed methodology and its solution will be addressed within this paper.  

6.2 Development of the Convergence-Confinement Method 

The elastic response captured in the CCM is based on the initial hole-in-a-plate solution by Kirsch (1898). 

The first inclusion of a plastic zone within the analysis is attributed to Fenner (1938) with a number of 

formulations proposed since including Panet and Guenot (1982), Duncan Fama (1993), Carranza-Torres 

and Fairhurst (2000), for example. Considerations of ground loosening was added by Pacher (1964). 

While many assumptions can be made en route to a consideration of the loosening zone the important 

conceptual aspect is that support should be installed soon enough to prevent loosening but late enough to 

prevent overloading. Figure 6-1 illustrates the ground loosening section of the Ground Reaction Curve 

and illustrates the importance of timing and location of support during installation.  

 

Figure 6-1:  The Ground Reaction Curve (GRC) and Support Reaction Curve (SRC) relationship 

(modified after Fenner & Pacher, quoted by Rabcewicz 1973). σr = radial stress, and Pimin = 

minimum internal pressure before detrimental loosening.   

 

In the above diagram, the early support installed at the face has a significantly higher load at 

equilibrium than the delayed support and may overload. Meanwhile the support must be installed early 

enough to provide the conceptual Pimin required to prevent disintegration of the otherwise plastic 

continuum assumed for the analysis. 
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With the use and further development of geodetic technology, tunnel design engineers had access 

to real-time convergence data and thus should develop a better understanding of the ground response. 

Guenot et al. (1985) coupled this developing technology with an analytical function for wall 

displacements as a function of time and advancing face. This analytical function was further expanded by 

Barlow (1986) to incorporate sequential excavation, installation of support, and displacements occurring 

ahead of the tunnel face. These analyses, however, are based on a curve-fitting technique to measured 

data in order to determine the initial (before in front of the tunnel face) and final displacements.   

Attempting to quantify the location of support installation with respect to the Ground Reaction 

Curve remains the most contentious aspect of the CCM, both academically and within industry. To 

illustrate the contentious quantifications, a number of published range of values for normalized 

convergence (Uo*) of the tunnel face, are listed in Table 6-1. These equations/values represent the tunnel 

face convergence alone.  

Table 6-1: List of referenced publications of tunnel face convergence for unsupported analysis.  

Publication  𝒖𝟎
∗ =

𝒖𝟎

𝒖𝒎𝒂𝒙
 

Method of Development/ Guidelines  

Panet and Guenot (1982) 0.265E Axisymmetric FE  

AFTES (1983) 0.25 to 0.3 Summary of 3D and 2D analysis for  

cohesive elastoplastic behaviour  

Corbetta et al. (1991) 0.29E Axisymmetric 

Panet (1993) 0.28E Axisymmetric FE 

Panet (1995)  0.25E Elastic Analysis  

Guilloux et al. (1996) 0.4ν+0.095=0.195 Axisymmetric FE 

Bernaud and Rousset 

(1996) 

0.29E  3D FE for elastic and perfect elastoplastic 

behaviour 

Carranza-Torres and 

Fairhurst (2000)  

0.308 Best fit to Chern et al. (1998)   

Unlu and Gercek (2003) 0.22ν+0.19=0.245 FD 3D - quarter model  

Vlachopoulos and 

Diederichs (2009) 

1

3
𝑒−0.15𝑅∗

 
3D FD and 2D FE 

Note: FE = Finite Element; FD = Finite Difference, Poisson’s ratio (ν) =0.25. 
E Elastic analysis  

uo: is the  convergence at the face cross section 

umax: is the max convergence of the tunnel cross section 

R*: is the normalized plastic radius ratio (Rpmax/Rt) 
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The Longitudinal Displacement Profile was introduced by Panet (1995) (denoted as LDP1995) to 

define the optimal timing of support installation, without the need for numerical analysis. Panet’s work 

permits tunnel designers to quickly conceptualize both the ideal location for installation of support with 

respect to the tunnel face, as well as the support response. However, this approach is less valid for cases 

where large plasticity zones are anticipated (i.e. in weaker rock masses). One solution by Vlachopoulos 

and Diederichs (2009) resolves this issue through the development of an improved Longitudinal 

Displacement Profile (denoted in this discussion as LDP2009) which takes into account the effect of the 

plastic zone developed ahead of the tunnel face.  The inputs for the LDP2009 require the solution from the 

GRC (maximum convergence, umax, and maximum plastic radius, Rpmax). The piecewise function has split 

at the location of the tunnel face, defined by another function (equation 6-1). These equations (6-1 to 6-3) 

were developed based on a best-fit curve within two- and three-dimensional numerical analysis, an 

example of which is shown in Figure 6-2 (diamonds), based on the results of Vlachopoulos and 

Diederichs 2009.   

 

 In this solution the convergence at the tunnel face is 

 

1

3
𝑒−0.15𝑅∗

 
(6-1) 

If X* < 0 (i.e. condition in the rock mass ahead of the face)  

𝑢∗ =
𝑢

𝑢𝑚𝑎𝑥
= 𝑢0

∗𝑒𝑋∗
 (6-1) 

If X* > 0 (i.e. condition in the open tunnel)  

𝑢∗ = 1 − (1 − 𝑢0
∗)𝑒−

3𝑋∗

2𝑅∗  (6-2) 

X*: is the normalized distance from the face (X/Rt) 

R*: is the normalized plastic radius ratio (Rpmax/Rt) 

Rt: is the tunnel radius 

uo: is the convergence at the face cross section (unsupported) 

umax: is the maximum convergence of the tunnel cross section (unsupported) 

uo*= uo/ umax 
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It must be noted that Figure 6-2 also includes additional published findings (squares) based on the 

normalized displacement at the tunnel face utilizing elastic analysis, R* ≈ 1, from Table 6-1. The 

additional elastic solutions were included to illustrate the sensitivity of this measurement.  Factors such as 

Poisson’s ratio have proven to be critical to the normalized face convergence (Guilloux et al. 1996 and 

Unlu and Gercek 2003). Additional factors which have an influence on the normalized face convergence, 

such as mesh size of a numerical model, will be discussed in subsequent sections.  Note that the LDP2009 

does not include the effect of the installed support.  Vlachopoulos and Diederichs (2014) indicate that 

employment of the LDP2009 for locating the installation point for the support system (in weak ground 

conditions) will produce error if the location is within 3 tunnel radii from the face. 

 

Figure 6-2: Correlation between u0* = u0/umax at X* = X/Rt (= 0 at the face) and the maximum 

plastic radius, R* = Rpmax /Rt. The dotted line the curve fit solution based on the results of 

Vlachopoulos and Diederichs (2009), equation (6-1). Additional data points for elastic analysis 

(R*=1) are based on  values published in the literature 

Vlachopoulos and Diederichs (2014) propose equation (6-3) for supported LDP (denoted as 

LDP2014) that is a function of the maximum supported convergence and location of the support being 

installed.    
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u

𝑢𝑚𝑎𝑥
=

1

1 + 𝑒
0.6(1−0.1

𝐿𝑢
𝑅𝑡

)(
𝐿𝑢
𝑅𝑡

−5
𝑋
𝑅𝑡

−1)
 (6-3) 

Where:  

Lu: Unsupported span length.  

Rt = Radius of the tunnel 

X = Distance from face  

 

As the maximum supported convergence depends on the location at which the support is 

installed, the solution is an iterative approach. The LDP2014 gives a better approximation of the overall 

profile for a supported case when compared to the LDP2009. When the support is installed close to the 

tunnel face (within 2 radii) the LDP2014 is not accurate (Vlachopoulos and Diederichs, 2014). 

Furthermore, the LDP2014 does not take into consideration the effect of support stiffness. In terms of 

location of support installation, the accuracy of the LDP remains a weakness of the CCM (Alejano, 2010). 

6.3 Inclusion of Support within Convergence-Confinement Method  

Several researchers have attempted to address the lack of support considerations within the standard 

practice of the Convergence-Confinement Method. Two of the most notable contributions with regard to 

the inclusion of support are by Nguyen-Minh and Guo (1996) and Bernaud and Rousset (1996). Nguyen-

Minh and Guo (1996) conducted a parametric analysis to study the relationship between normalized final 

face convergence (ufo*= uo/uosup), due to support, based on the normalized final tunnel convergence ratio 

(uf*=umax /umaxsup). The ground material was simulated as an elastoplastic model. 3D conditions were 

simulated by using axisymmetric boundary. The results from this analysis are shown in Figure 6-3a). 

In an attempt to address the underestimation of the CCM when support is installed, Bernaud and 

Rousset (1996) employed an implicit method to solve for displacements at the tunnel face. This method, 

however, results in an average value of convergence based on the stiffness and distance from the face 

values examined. This singular solution provided by an average response may be accurate for select 

cases, but for higher R*, inclusion of the effects of the support stiffness and support installation distance 

will be required. Furthermore, the solution provided by Bernaud and Rousset (1996) only provides the 
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maximum convergence for materials with a Poisson’s ratio of 0.5, which is the theoretical limit for this 

parameters and is too high for any rock type as shown in Gercek (2006). 

 

Figure 6-3: The general relationship between the normalized final face convergence and normalized 

final tunnel convergence ratio as found by axisymmetric finite element method (FEM) analysis of 

Nguyen-Minh and Guo (1996). The proposed solution of Oke et al. (2013) is presented for 

comparison (equation (6-6)). 

a)

b)
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 An investigation was conducted Oke et al. (2013) in order to study the effects of the influence of 

the support interaction on the LDP, and specifically in the tunnel face convergence. Utilizing three-

dimensional analysis (FLAC3D). The results of the preliminary investigation proposed a modification of 

the calculation of the displacement at the tunnel face. This modification allowed for an easy adjustment of 

the LDP2009, as illustrated in equation (6-4), and was developed as a function of the plastic radius 

(equation (6-5)) or the final tunnel convergence (equation (6-6) and Figure 6.3b).  Simplifications used 

within the preliminary investigation, as discovered from the analysis conducted for this paper, over-

generalized the solution but still acted as a sound foundation for comparison purposes, as done in the 

following sections.     

𝑢0
∗ =

𝑢0

𝑢𝑚𝑎𝑥𝑢fo
∗ =

1

3𝑢fo
∗ 𝑒−0.15𝑅∗

 (6-4) 

𝑢fo
∗ = log((4.3882𝑅f

∗  −  3.3882)0.85) + 1 (6-5) 

𝑢fo
∗ = log(𝑢f

∗0.85) + 1 (6-6) 

 

6.3.1 Radial Support 

The GRC exhibits additional complexity when support is installed radially into the rock mass (e.g. rock 

bolts and grout). The addition of rock bolts should theoretically change the GRC into a two-material 

response, as illustrated in Figure 6-4. Oreste and Peila (1996) provide an example of one approach, which 

takes into consideration such complexities as spacing of support and tunnel-wall connections (though-bolt 

face plate) and integrates this effect into the CCM. The influence of rock bolts on the GRC is outside the 

scope of the paper and will not be further investigated; however, this influence must be taken into 

consideration should such conditions be relevant. Within this paper, it is assumed that the analyzed 

support does not have an influence on the ground condition, rendering the GRC and SRC independent of 

one another.  
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Figure 6-4: Illustration of effect of support on the Ground Reaction Curve due to radial 

reinforcement. Figure modified from Oreste and Peila (1996) and Oreste (2009).  

6.3.2 Overloading of support 

Cantieni and Anagnostou (2009) found that, the convergence effect of the stress path on squeezing 

behaviour will always be larger than the one obtained by the GRC.  Cantieni and Anagnostou (2009) 

credit this to the inability of the plane-strain model to reverse the radial stress that follows the installation 

of the lining. This reversal of the radial stress is caused by the initial overloading of the support system 

brought about by the longitudinal arching effect. This longitudinal arching effect has been found to be 

more pronounced when the support is installed closer to the tunnel face (Ramoni and Anagnostou 2010 

and 2011) which is generally the case for squeezing ground conditions. Below is an illustration of the 

results presented by Cantieni and Anagnostou (2009).  
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Figure 6-5: The Ground Reaction Curve (GRC) and numerical results of a rock mass to strength 

ratio of 7.96. Results and figure modified from Cantieni and Anagnostou (2009). Where Lu = 

unsupported span. Le = excavation step length, Rt = Radius of tunnel, k = support stiffness and i 

denotes excavation sequencing. 

6.3.3 Summary 

For clarification, the following are the concerns and issues that currently weaken the application of the 

CCM for squeezing ground conditions.  

1. The conventional (classical) inclusion of the LDP in the CCM is based on a unsupported 

approach 

2. Solutions for LDP in supported conditions do not consider the stiffness of support and the 
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3. The CCM does not take into consideration the effect of the overloading of the support systems 

caused by longitudinal arching.  

These concerns and issues will be addressed in the following sections.  

6.4 Inclusion of Support: Modification to Convergence-Confinement Method  

In order to address concerns of the accuracy of the supported LDP within 2 radii of the tunnel face, as 

well as overloading of the support system, the authors have developed an approach that modifies the LDP 

and includes the additional stress caused by the overloading. This approach utilizes the following 4 steps 

(Figure 6-6): 

1. Employ the SRC based on the unsupported LDP (grey line), 

2. Employ the SRC based on the supported LDP (double line), 

3. Determine the point of initial support equilibrium (iterative solution, repeat step 2), and, 

4. Adjust for the overloading of the support (dashed double line).   

The modification to CCM was the result of numerous 2D axisymmetric numerical analyses. The 

modification was developed for squeezing ground conditions, as these remain the most susceptible to the 

influence of support as well as the most relevant application of the CCM.  

6.4.1 Numerical Model  

The numerical model employed for this analysis was an axisymmetric analysis (Phase2, Rocscience 2013) 

as it was capable of simulating and capturing the three-dimensional effects of a tunnel analysis in 

isotropic conditions. Assumptions made for axisymmetric analysis are similar to those made for the 

CCM. The definition of squeezing ground conditions used within this paper was first observed by Sakurai 

(1983) who asserted that squeezing failure occurs when strain in the tunnel side walls exceed 1%.  The 

rockmass materials A1, B1, C1, D1 and E1 utilized in this investigation were adopted from Vlachopoulos 

and Diederichs (2009) and are presented in Table 6-2 with their corresponding strain (normalized tunnel 

convergence) according to the Carranza-Torres (2004) solution. Conveniently, these ground materials had 
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Po/σcm ratios from 0.1 to 0.25, which according to Hoek (2001) will experience a ground material 

response of minor to extremely severe squeezing conditions.   

 

Figure 6-6: Illustration of the methodology for the modification to the CCM.  

 

The support used within this analysis was adopted from Cantieni and Anagnostou (2009). 

Cantieni and Anagnostou state that typical support stiffnesses range from 0.1-1GPa/m. Therefore, an 

extreme range of support stiffness values from 0.01 to 100GPa/m was employed in order to capture the 

full/extreme range of support systems. As listed in Table 6-2 
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, additional supports were investigated in order to compare the three-dimensional analysis 

(FLAC3D) of the preliminary investigation to the axisymmetric analysis conducted within this paper.  

The preliminary investigation was simplified to test only a certain support stiffness being installed 1m 

(0.4Rt) away from the excavation face, with an excavation step of 1m (0.4Rt). 

 

Table 6-2: Numerical analysis parameters for the parametric analysis used in this study model. 

Variables: Po = In-situ stress condition; σcm = rock mass strength; σci = uniaxial compressive 

strength of the intact rock; Ei = intact deformation modulus; Erm = rock mass deformation 

modulus; GSI = Geological Strength Index; and m,s,a = Hoek-Brown constants. 

 

Numerical Analysis Parameters 

Constant 

Values: 
mi=7 ν=0.25 Rt=2.5m Po=28MPa 

Material A1 B1 C1 D1 E1 

Po/σcm 10.1 7.7 6.1 4.0 2.0 

σcm (MPa) 2.8 3.6 4.6 7.0 14 

σci (MPa) 35 35 35 50 75 

Ei (MPa) 19213 19250 19250 27630 21568 

GSI 25 35 45 48 60 

m 0.481 0.687 0.982 1.093 1.678 

s 0.0002 0.0007 0.0022 0.0031 0.0117 

a 0.531 0.516 0.508 0.507 0.503 

Erm (MPa) 1150 2183 4305 7500 11215 

(S1) Shotcrete 

Thickness* 
400mm 253mm 243mm 223mm 190mm 

Expected % 

Closure** 
100 26 7 2 1 

Note: *based on a factor of safety of 1.1 for CCM (LDP2009) for 

analysis X1, support installed at 1m from face. 

**Based on the Carranza-Torres (2004) Solution 

 

 

Three variants of numerical models were developed for assessment based on three common- 

practice excavation techniques.  These techniques are illustrated in Figure 6-7. The first excavation, Case 

(1), was designed to simulate a Tunnel Boring Machine (TBM), in which the unsupported span, Lu, stays 
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constant (0.4-2Rt) throughout the whole analysis, and the support length and excavation step length 

remain the same (0.4Rt). In addition, excavation Case (1) was generated to mimic the analysis of Cantieni 

and Anagnostou (2009) as well as Oke et al. (2013) for comparison purposes. The greatest Lu investigated 

is 2Rt because, as previously stated, LDP2014 is accurate when Lu ≥ 2Rt. This maximum Lu rationale was 

applied to the remaining two excavation cases. The following is a summary of the parameters used for the 

parametric analysis used for excavation Case 1.  

 Normalized support installation distance (Lu/Rt): 0.4, 0.8, 1.2, 1.6, and 2.0. 

 Ground Material: A1, B1, C1, and D1 from table 6-2  

 Support stiffness (GPa/m): 0.01, 0.1, 1, 10, and 100.  

In addition, to allow for comparison to Oke et al. (2013), support class S1 was also tested with the 

addition of material class E1. Similar runs were conducted for the remaining two excavation cases with 

the addition of a normalized support installation distance 0.1 (excavation Case 2 and 3) and 0.2 

(excavation Case 2 only). These smaller excavation step sizes were not conducted for excavation Case 1, 

because it is impractical to install support that close to the tunnel face due to head of the TBM. The 

second excavation Case 2 was designed to simulate mechanical (conventional) excavation (i.e. 

roadheader), in which support was installed to the tunnel face once the excavation, in 0.1Rt increments, 

reached the specified Lu. The last and third excavation Case 3 was designed to simulate a drill and blast 

excavation where excavation step length would be identical to the supported installation length (installed 

to the tunnel face) and unsupported span.  Investigation of three different excavation Cases is warranted 

as each excavation and support process results in distinct stress and displacement distribution near the 

tunnel face.    
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Figure 6-7: Illustration of excavation, support, and unsupported span sequencing used within the 

numerical axisymmetric parametric analysis. These sequences relate to typical excavation methods 

as shown. Note: Rt = Radius of tunnel; TBM = Tunnel Boring Machine.  
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6.4.1.1 Boundary Conditions - Unsupported  

In order to study the impact of the boundary conditions on the numerical model, an initial investigation 

was carried out. Figure 6-8 provides an illustration of the assessment of the boundary conditions for the 

B1 material. Analysis found that the B1 material required the model length to be 25Dt (or 12.5Dt distance 

to centre of model) to be within 5% of the expected numerical solution for the tunnel wall displacement 

(denoted by black squares in Figure 6-8). The model length, however, did not capture an accurate 

response of the convergence of the tunnel wall at the face (denoted with black diamonds). To successfully 

capture an accurate response of the tunnel face, the model length was increased to 76Dt. A similar 

analysis was conducted for the width of the axisymmetric analysis. A width of 48Dt was found to be 

within 1% of an analysis with a width of 96Dt for the B1 material. Therefore, the numerical length (76Dt) 

and width (96Dt) for the other material properties employed the same boundary conditions for B1. A 5% 

error was found for the unsupported analysis of the A1 material. However, as is illustrated in Figure 6-8, 

the effect of boundary conditions remains less severe for the supported analysis (grey lines).   

 

Figure 6-8: Effect of fixed displacement boundary conditions distance (model length) on absolute 

percent difference of maximum displacement.  
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6.4.1.2 Boundary Conditions Supported  

The support used for the boundary verification is listed within Table 6-2, S1. A comparison of the Phase2 

results and the trends that were developed in preliminary investigation (Oke et al. 2013, equation (6-7)) 

for the relationship ratios (supported / unsupported) between the normalized final convergence ratio (uf*) 

and normalized reduction of final plastic radius ratio (Rf*) can be found within Figure 6-10. The result of 

the length of the model and the differences in mesh size distinguish the analyses. The length of the 

preliminary investigation (FLAC3D) was 12Dt which the authors expect to yield a potential 10% error for 

the tunnel face for the B1 material, as shown in Figure 6-8. Additionally, the mesh size for both analyses 

dictates the accuracy of the plastic radius measurement (i.e. if the mesh size is 0.25m, the plastic radius 

measurement can only be as accurate to 0.25m).   

6.4.1.3 Element Type - Considerations  

An assessment of Phase2 standardized element types was conducted in order to verify the accuracy of the 

results. Three different element types were tested: 8-noded quadrilaterals (8Q); 4-noded quadrilaterals 

(4Q); and 3-noded triangles (3T). The length of the respective elements, as set by the automatic meshing 

setup remained unchanged. As illustrated in Figure 6-9, the magnitude of the final convergence were 

compared to those calculated using of the analytical solution of Carranza-Torres (2004). As anticipated, 

the higher-order elements were most accurate when compared to the analytical solution (within 3%), with 

the exception of A1 material (12%), an anticipated outcome as the solution was complete closure. 

Additionally, the evaluation of the mesh type provided an illustration of the effects of the excavation step 

size, 0.1Rt compared to 0.4Rt. Vlachopoulos and Diederichs (2009) state that a maximum excavation step 

of 0.4Rt is required to capture a continuous excavation sequence for practical purposes. With increased 

precision of the higher order elements (Rugarli 2010), combined with a step of 0.1Rt, there is a substantial 

improvement apparent in Figure 6-9. The effect of excavation step size has a significant effect on the 

tunnel face convergence, as illustrated in the following section.  
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6.4.1.1 Initial Results of Boundary and Mesh Conditions 

The Phase2 axisymmetric results (for which the employed support was S1, from Table 6-2) can be 

represented as a power function, as shown in Figure 6-10 and equation (6-8). The linear trend established 

by the preliminary investigation was proven to be a reasonable representation of uf* when the Rf* was 

below 3. A power function was found to be more accurate than the previous linear function (equation 

(6-7)), for the capture of the analytical trend when compared with the results of the B1 material defined 

by the GRC of Carranza-Torres (2004).   

 

Figure 6-9: convergence calculated using different elements compared to Carranza-Torres (2004) 

analytical solution. 8Q = 8 noded quadrilaterals; 4T = 4 noded Quadrilaterals; 3T = 3 noded 

triangles.  

The agreement between the analytical and numerical response provides confidence in mesh and 

boundary conditions.  These results, however, are unique to the selected support and ground material 

utilized. A unique solution (equation (6-8)) was found for the relationship between the final supported 
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displacement and the plastic radius (solely), but has been determined inaccurate for carrying support 

stiffness and support installation distance. 

𝑢𝑓
∗ = 4.4𝑅𝑓

∗ −  3.4 (6-7) 

𝑢𝑓
∗ = 𝑅𝑓

∗2.2 (6-8) 

 

 

 

Figure 6-10: Comparison of the final convergence of the tunnel vs. maximum plastic ratio for 

analysis conducted within this paper employed support with a factor of safety of 1.1 based on the 

LDP2009., and the dash black line represents the curve fit from the investigation conducted for this 

paper. 

An additional validation was carried out for the response of the wall convergence of the tunnel 

face (Figure 6-11).  The analysis conducted for this paper was compared with the results of Vlachopoulos 

and Diederichs (2009), equation (6-3). As previously mentioned, the accuracy of Vlachopoulos and 

Diederichs (2009) numerical analysis is dependent on the mesh size and excavation step.  The graded 
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mesh used for the axisymmetric analysis by Vlachopoulos and Diederichs (2009), as well as the uniform 

mesh used for the analysis presented in this paper are included in Figure 6-11.  The uniform mesh utilized 

for this analysis was selected to ensure uniform measurement of the plastic radius, as well as an even 

distribution of stresses and deformations. Over the generally applicable range of R*, there is a 5% 

difference between the results of this analysis, equation (6-9) and Vlachopoulos and Diederichs (2009) 

results.   

As the model employed a smaller step-size of 0.1Rt and higher-quality mesh (8 noded 

quadrilaterals), an accurate representation of the tunnel face closure can be assumed from the results. For 

the remainder of the paper, equation (6-9) will represent the calculation required to find the initial point of 

Figure 6-11: Correlation between u0* = u0/umax at X* = X/Rt = 0 (at the face) and the maximum 

plastic radius, R* = Rpmax/Rt for different excavation step sizes and mesh types. Inset figure is a 

comparison of the different meshes used for the analysis   
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installation of the support based on an unsupported analysis. It is important to note that the results of the 

Vlachopoulos and Diederichs (2009) unsupported analysis will have greater accuracy for the current 

practice of mesh sizes for three-dimensional analysis due to computation time requirements. In order to 

meet the computation time requirements, the three-dimensional mesh will be relatively coarser, when 

compared to the mesh employed for the axisymmetric analysis of this paper.        

𝑢𝑜
∗ = 0.38𝑒−0.12𝑅∗

 (6-9) 

6.4.2 Effect of Support on the Tunnel Face Convergence    

The first modified component of the LDP to be evaluated is the tunnel-face convergence. As previously 

described, the face convergence is primarily dependent on installation distance (unsupported span) from 

the tunnel face, and secondarily on the ground material, for the TBM excavation analysis (Excavation 

Case 1).  The results from the parametric analysis of the maximum plastic radius ratio were not accurate 

enough to capture strong trends due to the mesh size, which supported previous findings with the 

unsupported analysis. Therefore, reduction of the tunnel face was established solely on the tunnel 

normalized final convergence ratio, ufo*. The effect of plasticity on the tunnel has already been captured 

in equation (6-9), while additional effects of plasticity have been deemed insignificant to the ufo*. The 

results indicated that each excavation case had a similar yet unique solution for the reduction of the tunnel 

face. Examples of select results are included within Figure 6-12. The left side of Figure 6-12 compares 

general curvature of the results for excavation Case 1 and Case 2 for support installed at 0.4Rt from the 

tunnel face. Excavation Case 1 results were best captured by the exponential function (equation (6-10a)), 

while Excavation Case 2 results were best captured by the power function (equation (6-10b)). Case 3 

resulted in a similar result to Excavation Case 2 with a power function. The different functions used to 

express the reduction of curvature are explained through differences of location of the support 

installation. Excavation Cases 2 and 3 always installed the support to the tunnel face, while Excavation 

Case 1 does not.   
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The tunnel-face convergence for Excavation Case 1 was additionally found to be a function of 

unsupported span length and ground conditions. The tunnel-face convergence for Excavation Case 2 

yielded similar results, however the authors were not able to express the differences of the material as a 

function. To remediate this, the authors choose to ignore the A1 results due to the extremity of the ground 

conditions (100% closure), and instead employed the best fit solution for all of B1 to D1 results to get an 

accurate solution of the most realistic ground materials. The results for excavation Case 2 were still 

determined to be a function of the unsupported span length, as is illustrated in Figure 6-12 (top right, and 

bottom left). Excavation Case 3 yielded similar results as Excavation Case 2, as shown in the bottom right 

of Figure 6-12. Similarly the A1 material was ignored for Excavation Case 3.  

It is also important to note that the left side of Figure 6-12 included the results of Nguyen-Minh 

and Guo (1996) which clearly overestimated the normalized tunnel face convergence for the select range 

of materials used within this investigation.  

 

𝑢𝑓𝑜
∗ = 𝐴𝑓1 ∙ 𝑒𝐵𝑓1∙𝑢𝑓

∗

 (6-10a) 

𝑢𝑓𝑜
∗ = 𝐴𝑓𝑖 ∙ 𝑢𝑓

∗𝐵𝑓𝑖∙ (6-10b) 

 

6.4.2.1 Excavation Case 1: TBM 

A previously mentioned evaluation of the remaining unsupported span lengths for excavation Case 1 

offered evidence that curve-fit variables Af1 and Bf1 were dependent on the material property and 

unsupported span, as shown in Figure 6-13. The results of best fits from variables Af1 and Bf1, correlated 

with the normalized rock mass strength ratio (σcm* = Po / σcm), and had a minimum r2 value of 0.991 

(except for A1 material), both of which are shown in equation (6-11a) to equation (6-16).   

 

𝐴𝑓1 = 𝐴𝑓1𝑎 ∙
𝐿𝑢
𝑅𝑡

𝐴𝑓1𝑏

 (6-11a) 

𝐵𝑓1 = 𝐵𝑓1𝑎 ∙
𝐿𝑢
𝑅𝑡

𝐵𝑓1𝑏

 (6-12a) 
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𝐴𝑓1𝑎 = −0.0063(𝜎𝑐𝑚
∗ )2 + 0.0551𝜎𝑐𝑚

∗ + 1.0919 (6-13) 

𝐴𝑓1𝑏 =  0.0034(𝜎𝑐𝑚
∗ )2 − 0.021𝜎𝑐𝑚

∗ − 0.1351 (6-14) 

𝐵𝑓1𝑎 = −0.0015(𝜎𝑐𝑚
∗ )2 + 0.01𝜎𝑐𝑚

∗ + 0.0713 (6-15) 

𝐵𝑓1𝑏 =  −0.037(𝜎𝑐𝑚
∗ )2 + 0.3609𝜎𝑐𝑚

∗ − 0.3649 (6-16) 

 

 
 

 

 

Figure 6-12: Results for face convergence based on Po/σcm ratios from 4.0 to 10.1 and support 

installation at 0.4Rt (left) and 2.0Rt (right) from the tunnel face. The dotted line in the left side 

images represents the solution of Nguyen-Minh and Guo (1996), NM & G ’96. 
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Figure 6-13: Excavation Case 1 - results from curve fitting variables “Af1” and “Bf1” for Po/σcm 

ranges of 4 to 10.1.  

6.4.2.2 Excavation Case 2: Mechanical  

A previously mentioned, evaluation of the remaining unsupported span lengths for excavation Case 2 

offered evidence that the curve-fit variables Af2 and Bf2 were only clearly dependent on the unsupported 

span, as shown in Figure 6-14. Furthermore, the Af2 variable, as shown in the left side of Figure 6-14, did 

not have a strong correlation to the unsupported span, requiring an adjustment to the Bf2 variable (right 

side of Figure 6-14). Therefore the Bf2 variable was adjusted to correspond with the new Af2 value, based 

on the curve fit.  The results of best fits for Af2 and Bf2 are shown in equation (6-11b) to equation (6-12b) 

respectively.  

 

Figure 6-14: Excavation Case 2 - results from curve fitting variables “Af2” and “Bf2” for Po/σcm 

ranges of 4 to 7.7. 
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𝐴𝑓2 = 0.019
𝐿𝑢
𝑅𝑡

+ 0.88 (6-11b) 

𝐵𝑓2 = 0.347 ∙ 𝑒
−0.528

𝐿𝑢
𝑅𝑡  (6-12b) 

 

6.4.2.3 Excavation Case 3: Drill and Blast 

Excavation Case 3 yielded similar results to excavation Case 2, which was to be expected, as the cases 

differed only in excavation step size. Therefore, the curve-fit variables Af3 and Bf3 were configured 

through the same methodology (for equation (6-10b)), however the Af3 variable was found to be a 

constant value, rather than a linear trend. Therefore, Af3 was taken as an average value (equation (6-11c)), 

and Bf3 was adjusted based on constant Af3 (equation (6-12c)). To improve the accuracy of the curve-

fitting, the results of excavation Case 3 when the unsupported span was 0.1Rt was ignored because 

excavation Case 2 had already accurately had captured the results (same data point). Therefore, for a drill-

and-blast operation (excavation Case 3) with a blast length less than of 0.4Rt, excavation Case 2 results 

should be employed for capturing the reduction of the tunnel face.     

𝐴𝑓3 = 1.17 (6-11c) 

𝐵𝑓3 = −0.151
𝐿𝑢
𝑅𝑡

+ 0.3 (6-12c) 

 

6.4.3 Effect of Support on the LDP Curvature  

The incorporation of equation (6-10) into equation (6-1) through an iterative approach created a more 

accurate prediction of the tunnel face convergence when support is installed. The inclusion of equation 

(6-10) alone was not enough to capture a supported LDP. The inclusion of the second component of the 

LDP was necessary in order to ensure more accurate representation of the correct support installation. The 

second component increased the accuracy of the curvature of the LDP.  The general curvature for the 

excavation portion of an unsupported tunnel (equation (6-2)) was defined by the value of 3/2. The value 

was replaced with a variable Mc to adjust the curvature based on: a. normalized support stiffness ratio, 

k/Erm, b. the normalized rock mass strength ratio, σcm* = Po / σcm and c. normalized unsupported span 
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(Lu/Rt).  The procedure of the curve-fitting process followed the same order (i.e. a to c). Furthermore, the 

normalization required alteration from the maximum unsupported convergence, umax, to the maximum 

supported convergence, umaxsup. These two adjustments developed an accurate representation of the 

supported LDP when the unsupported span, Lu, was between 0.4Rt and 2Rt. These adjustments are 

illustrated by equations (6-17) to (6-19), which include the modifications from equations (6-1) to (6-3). It 

is important to note that the numerical model LDPs were developed through the normalization of 

convergence to respective position which allowed for the collection of the identical number of data points 

for excavation Case 3. Additionally, this simplification minimized the resulting oscillating convergence 

that occurred between support installations, as illustrated in Bernaud and Rousset (1996), which only 

effected the data points within the support installation segments.  

To explain the process of modifying the curvature of the supported LDP, excavation Case 1 will 

be used as an example in the following sections. 

If X* < 0 (i.e. condition in the rock mass ahead of the face)  

𝑢∗
𝑠𝑢𝑝 =

𝑢

𝑢𝑚𝑎𝑥𝑠𝑢𝑝
= 𝑢f0

∗ 𝑒𝑋∗
 (6-17) 

If X* > 0 (i.e. condition in the open tunnel)  

𝑢∗
𝑠𝑢𝑝 = 1 − (1 − 𝑢f0

∗ )𝑒−
𝑀𝑐𝑋

∗

𝑅∗  (6-18) 

Where  

𝑢𝑓𝑜
∗ = 0.38

𝑢𝑓
∗

𝑢𝑓𝑜
∗ ∙ 𝑒−0.12∙𝑅∗

 (6-19) 

6.4.3.1 Excavation Case 1: TBM 

As previously mentioned, the first step (a) of modifying the curvature of the LDP involved the capture of 

the effects of the different support stiffness to the respected ground material. In order to provide an 

illustration of this step, two figures will be presented. Figure 6-15 illustrates the numerical results 

(squares) from a change in the support stiffness and the respected curve fitted solution (solid line) for 

support installed 2.0Rt from the tunnel face. The dotted line within Figure 6-15 represents the empirical 
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solution of Vlachopoulos and Diederichs (2014), equation (6-13). As expected, the LDP2014 is able to 

relatively capture the numerical results when the support is installed 2.0Rt from the tunnel face and is 

notably less accurate as the support decreased in stiffness. Therefore, a further restriction to the LDP2014 

could be based on the support stiffness employed (>1GPa/m).   

Second, Figure 6-16 is similar to Figure 6-15 but for the support installation 0.4Rt from the tunnel 

face. Figure 6-16 illustrates that support stiffness has a larger effect on general curvature when support is 

installed closer to the tunnel face. Notably, however, the impact of the convergence of the tunnel face is 

the primary factor, but a secondary influence is the unsupported span.  The trend of the unsupported span 

length for the B1 material has been illustrated within Figure 6-17. Figure 6-17 additionally shows that a 

power function was able to capture the variable Mc for the different support stiffnesses used and different 

unsupported span lengths. Notably the results indicate that increasing the unsupported span approaches 

3/2 (the curve-fitting value of LDP2009) which agrees with the findings of Vlachopoulos and Diederichs 

(2014) that the LDP2009 is accurate if Lu>3.0Rt. 

A power function (equation (6-20)) with sub-variables AL and BL, was able to capture the results 

for the remaining materials investigated.  Figure 6-18 captures the correlation of the sub-variables with 

the normalized rock mass strength ratio, σcm* (b), which remains influenced by the unsupported span.  

This correlation has been expressed in equations (6-21) and (6-22), with the following equations (6-23) to 

(6-25) to correlate it with the unsupported span (c) as illustrated in Figure 6-19. Figure 6-20 and Figure 

6-21 shows the results for excavation Case 2 and Case 3. Analysis determined that the different 

excavation types did not influence the curvature. Furthermore, the results indicate that the influence of the 

tunnel-face convergence was enough to differentiate between the different cases, as illustrated in the 

following sections. 
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Figure 6-15: Excavation Case 1 - Numerical and curve fit results for the LDP when support is 

installed 2.0Rt from the tunnel face for ground materials A1-D1. The dotted curve, LDP2014, is 

the empirical solution of Vlachopoulos and Diederichs (2014), Equation (6-13). 
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Figure 6-16: Excavation Case 1 – Numerical and curve fit results for the LDP when support 

is installed 0.4Rt from the tunnel face for ground materials A1-D1. 
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Figure 6-17: Excavation Case 1 – Curvature variable Mc for different support installation distances 

(unsupported span lengths) with respect to the normalized support stiffness values for B1 ground 

material.   

 

Figure 6-18: Excavation Case 1 – Curvature variable Mg sub-variables AL (left) and BL (right) as a 

function of normalized rock mass strength ratio, σcm* = Po / σcm for different support installation 

distances (unsupported span lengths).  
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Figure 6-19: Resulting sub-variables ALa and ALb (left axis - dotted lines) and BLa (right axis – 

dashed line) as a function of the unsupported span.    

𝑀𝑐 = 𝐴𝐿 ∙ 𝑘′𝐵𝐿  (6-20) 

𝐴𝐿 = 𝐴𝐿𝑎 ∙ 𝜎𝑐𝑚
∗ + 𝐴𝐿𝑏 (6-21) 

𝐵𝐿 = 𝐵𝐿𝑎 ∙ 𝜎𝑐𝑚
∗ + 0.159 (6-22) 

𝐴𝐿𝑎 = −0.772(
𝐿𝑢
𝑅𝑡

)
2

− 0.24
𝐿𝑢
𝑅𝑡

+ 4 
(6-23) 

𝐴𝐿𝑏 = 2.125(
𝐿𝑢
𝑅𝑡

)
2

+ 0.47
𝐿𝑢
𝑅𝑡

− 2.973 
(6-24) 

𝐵𝐿𝑎 = −0.004(
𝐿𝑢
𝑅𝑡

)
2

+ 0.0001
𝐿𝑢
𝑅𝑡

+ 0.016 
(6-25) 

 

6.4.3.2 Excavation Case 2: Mechanical 

Figure 6-20 captures the numerical and curve-fit results for excavation Case 2 for the LDP when support 

is installed 2.0Rt from the tunnel face for ground materials A1-D1. The empirical solution of 

Vlachopoulos and Diederichs (2014) was also plotted to illustrate that it is not applicable when the 

support is installed within 2Rt to the tunnel face.  
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Figure 6-20: Excavation Case 2 - Numerical and curve fit results for the LDP when support is 

installed 2.0Rt from the tunnel face for ground materials A1-D1. The dotted curve, LDP2014, is the 

empirical solution of Vlachopoulos and Diederichs (2014), Equation (6-13). 

6.4.3.3 Excavation Case 3: Drill and Blast  

Figure 6-21 presents similar results as Figure 6-20, but with respect to excavation Case 3. A noteworthy 

difference occurs between 0 and 2.0Rt the distance between the next support installation (for excavation 

Case 2) or drill and blasting length (for excavation Case 3) is the curvature. As is to be expected for the 

continuous excavation, Figure 6-20 presents a smooth transition, while Figure 6-21 presents an abrupt 
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change (blast) closest to the tunnel face (0-0.4Rt). This is a clear indication of the different stress paths 

caused by the different excavation cases, which is further captured in the following section.        

 

Figure 6-21: Excavation Case 3 - Numerical and curve fit results for the LDP when support is 

installed 2.0Rt from the tunnel face for ground materials A1-D1. The dotted curve, LDP2014, is the 

empirical solution of Vlachopoulos and Diederichs (2014), Equation (6-13). 

6.4.4 The Overloading Effect of the Support Based on Support Stiffness and Unsupported Span  

The amount of overloading of support has been captured for the range of support stiffness and ground 
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section. Additionally, this enables clear comparison with the result of Cantieni and Anagnostou (2009), 

shown in Figure 6-5 (for Lu/Rt = 0.4 and 2).  

6.4.4.1 Excavation Case 1: TBM 

Figure 6-22 presents an example of the excavation Case 1 influence on B1 material for overloading for 

the employed different support stiffnesses and different support installation distance. For each scenario, 

the amount of overload was captured and plotted against the normalized support stiffness, k’.  An 

example of one such plot is illustrated in Figure 6-23. Figure 6-23 consists of the numerical results 

(squares) for the B1 material, which clearly confirms that overloading is primarily influenced by the 

support stiffness and is secondarily influenced by the unsupported span length. Equation (6-26a) 

represents the overloading as a function of the unsupported span and support stiffness, as illustrated by 

the smooth lines of Figure 6-23. Equation (6-26a) variables Aoi ,Boi , Coi , and Doi were established 

through a best-fit exercise (minimum r2 = 0.9847) and were found to be correlated with the normalized 

rock-mass strength ratio, σcm* = Po / σcm.  The results of this best fit are equations (6-27a) to equation 

(6-30a).  

The numerator for equation (6-26a) was set up as a negative second-degree polynomial function 

because there was a point that the unsupported span length would yield the maximum amount of 

overloading stress on the support system for a given material. This maximum amount of overloading was 

significant for the stiff support (10-100GPa/m) and for the weakest material (A1 and B1). Within the 

typical range of support stiffness (0.1-1GPa/m), the general trend is that there is less overloading of the 

support system as it is installed further away from the tunnel face. This is an important concept to 

consider when comparing the results to the other excavation cases and for general tunnel design.  

𝑃′ =
(𝐴𝑜𝑖 ∙ 𝑆

′2 + 𝐵𝑜𝑖 ∙ 𝑆′ + 𝐶𝑜𝑖 )

(1 + 𝑒
−log(

𝑘′2

𝐷𝑜𝑖
)
)

 
(6-26a) 

𝐴𝑜1 = −0.062 ln 𝜎𝑐𝑚
∗ + 0.099 (6-27a) 

𝐵𝑜1 = 0.267 ln 𝜎𝑐𝑚
∗ − 0.518 (6-28a) 
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Figure 6-22: Excavation Case 1 – The Ground Reaction Curve (GRC) and numerical results of a 

rock mass to strength ratio of 7.7 (B1 material). Where Lu = unsupported span. Le = excavation step 

length, Rt = Radius of tunnel, k = support stiffness and i denotes excavation sequencing.  

 

Figure 6-23: Excavation Case 1 – B1 material stress overloading for different support stiffness and 

unsupported span lengths.  Solid lines represent the results from equation (6-26a). Normalized 

Support Stiffness, k’ = k/Erm.  
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𝐶𝑜1 = −0.254 ln 𝜎𝑐𝑚
∗ + 0.8469 (6-29a) 

𝐷𝑜1 = 7.9752𝑒−0.43𝜎𝑐𝑚
∗

 (6-30a) 

6.4.4.2 Excavation Case 2: Mechanical 

The numerator was set up for equation (6-26b) as a log normal function because the effect of the spacing 

for excavation Case 2 was found that increasing the unsupported span resulted in increasing overloading 

on the support, the opposite effect that was found in excavation Case 1. This indicates that for mechanical 

excavation a smaller unsupported span length is optimum for controlling overloading of the support from 

the longitudinal arching effect. The resulting curve-fit variables for excavation Case 2 are expressed in 

equations (6-27b) to (6-30b). 

 

𝑃′ =
(𝐴𝑜𝑖 ln 𝑆′ + 𝐵𝑜𝑖)

(1 + 𝑒
−log(

𝑘′2

𝐷𝑜𝑖
)
)

 
(6-26b) 

𝐴𝑜2 = 0.774𝑒−0.364𝜎𝑐𝑚
∗
  (6-27b) 

𝐵𝑜2 = 4.0514 𝜎𝑐𝑚
∗ −1.259 (6-28b) 

𝐷𝑜2 = 20.342𝑒−0.59𝜎𝑐𝑚
∗

 (6-30b) 

 

6.4.4.3 Excavation Case 3: Drill and Blast 

Excavation Case 3 had similar results to excavation Case 2, resulting in the numerator being a log-normal 

function, to take into consideration the effect of spacing. The resulting curve-fit variables for excavation 

Case 3, to be used within equation (6-26b), are expressed in equations (6-27c) to (6-30c). Notably 

comparing Case 2 and Case 3, Case 3 results in significantly greater overloading when it came to stiffer 

support systems in weaker ground conditions with the max difference of 16.3%.   

𝐴𝑜3 = −0.033𝜎𝑐𝑚
∗ + 0.38  (6-27c) 

𝐵𝑜3 = −0.049𝜎𝑐𝑚
∗ + 0.79 (6-28c) 

𝐷𝑜3 = 30.683𝑒−0.79𝜎𝑐𝑚
∗

 (6-30c) 
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6.5 Results  

The excavation Case 1 scenario with support S1 illustrates the modification effect on the CCM. An 

additional example will be provided to illustrate the required factor of safety of the unsupported LDP 

analysis to meet a factor of safety of one for this new analysis, which is reinforced by a numerical model. 

The first example results for this analysis are presented in Figure 6-24. Figure 6-24 illustrates the 4 steps 

of the modification of the CCM. The solid grey denotes step 1, the solid black double line denotes steps 2 

and 3, and the small dashed double black line denotes step 4.  The horizontal dashed grey line denotes the 

support capacity for the S1 support. The black dashed line in Figure 6-24 denotes the Support Reaction 

Curve based on the numerical analysis. With respect to this specific S1 support numerical analysis 

solution, analysis accuracy of the tunnel face convergence is within 0.6%. The support employed would 

have undoubtedly failed, despite the original existence of a factor of safety of 1.1 (using LDP2009).  The 

final result of this modified analysis is within 2.8% of the normalized pressure on the support, and of the 

normalized tunnel convergence. 

Analysis, employing the LDP2009, determined that a factor of safety of 4.5 was required (1400mm 

of concrete thickness) for the B1 material in order to get a factor of safety of 1 with the new analysis. 

These results, along with Phase2 axisymmetric results, are presented in Figure 6-25. Such thickness of 

concrete is impractical and agrees with the literature that a more ductile support system is more practical 

for squeezing-ground conditions. Figure 6-25 additionally displays the results if the solution of 

Vlachopoulos and Diederichs (2014), where equation (6-3), was employed. The application of LDP2014 is 

outside the applicable range, as outlined in Vlachopoulos and Diederichs (2014), but it stands for 

comparison as it is the only viable supported LDP solution to date. The LDP2014 clearly underestimates 

the pressure imposed on the support system as well as overestimates the amount of convergence of the 

excavation.      
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Figure 6-24: Excavation Case 1 - B1 Material results of support S1 based on the proposed modified 

solution to the CCM. The horizontal line indicates the support capacity of the S1 support.    

 

6.6 Discussion  

After conducting the parametric analysis required for this paper the authors have found the following 

limitations within the current literature:  

1. The results of Nguyen-Minh and Guo (1996) have been determined inaccurate for material 

response investigation within the paper, as illustrated in Figure 6-3 and Figure 6-12.  The findings 

of Nguyen-Minh and Guo (1996) may be more applicable for ground materials which behave 

more elastically when supported. However, as the material properties used in the Nguyen-Minh 

and Guo (1996) investigation were not clearly stated, it is difficult to isolate the potential reasons 

for the difference in the finding; 
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Figure 6-25: Excavation Case 1 - B1 Material results of support, 1400mm of shotcrete, based on the 

proposed modified solution to the CCM. The horizontal line indicates the support capacity of the 

1400mm shotcrete employed.    

 

2. The results within the paper prove that confinement (radial support) within the excavation is 

capable of reducing the influence ahead of the tunnel excavation, with respect to squeezing 

ground conditions, and is a function of location of installation and stiffness.  This is contradictory 

to Lunardi (2000), who found that axisymmetric analysis was not able to control extrusion and 
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3. The solution provided by Bernaud and Rousset (1996) only provides the maximum convergence 
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4. The results within this paper found that a constant unsupported span (Excavation Case 1) of 2.0Rt 

yielded comparable results to LDP2014; however, when the unsupported span of 2.0Rt was not 

constant (Excavation Case 2 and 3) the LDP2014 was not accurate. Furthermore the LDP2014 may 

be further restricted to support stiffness greater than 1GPa.  

This analysis and results are specific to the many different combinations of scenarios investigated. 

Additional factors which must be taken into consideration are as follows:    

1. Constraints of the analysis; 

a. Constitutive model: perfectly plastic;  

b. Numerical model excavation sequencing;  

c. Mesh sensitivities; and, 

d. Support-segment length and sequencing;   

2. When the support was installed within the model it was either constant (Excavation Case 1) or up 

to the tunnel face (Excavation Case 2 and 3). The analysis does not take into consideration the 

effect of support not installed up to the face for excavation Case 2 or 3, due to the number of 

additional permutations required for analysis. Therefore, if support is not installed to the face for 

an excavation Case 2 or 3, it is proposed that an approximate solution would employ a form of 

weighted average between comparable Case 2 or 3 results with a Case 1 result;   

3. The support-segment length for excavation Case 1 was constant throughout the entire analysis at 

0.4Rt. This value of segment length was used because Vlachopoulos and Diederichs (2009) state 

that a numerical excavation size of 0.4Rt is required to get a continuous profile. Therefore, the 

influence of support-segment sizes other than 0.4Rt s should be analyzed  Furthermore, the 

smallest excavation-step size for the TBM excavation Case was 0.4Rt as it was deemed physically 

impossible to install support closer to the face;  

4. The analysis did not take into consideration the influence of radial support installed within the 

rock mass as this would result in a two-material response in the GRC, as presented by Oreste and 
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Peila (1996). This two-material response would also affect the longitudinal arching that causes 

additional load on the support system. The influence of the two-material response must be taken 

into consideration if radial support is used with the proposed solution;  

5. The numerical analysis for the TBM excavation (Case 1) does not include the effects of the TBM 

components, such as face pressure (or cutter head), jacking force, grippers, etc. Inclusion of the 

TBM components has been found to reduce the modelled plastic radius depth by 29% for a select 

case (Zhao et al. 2012);  

6. The research conducted for this paper has been based solely on numerical analysis, and it requires 

validation through laboratory or field investigations. However, as a majority of this improvement 

relies on a comparison of supported to unsupported analysis it would be practically impossible to 

validate in the field;    

7. Each stage of the methodology was developed separately and independently of the previous stage. 

This was executed to allow for improvements to individual steps without influence on prior or 

preceding steps; and  

8. The curvature profile of the modified LDP, presented within this paper, is not accurate within the 

unexcavated ground conditions. This inaccuracy was deemed insignificant due to the fact that the 

result has no influence on the CCM solution. However, the solution is still more accurate than 

other current approached (i.e. LDP2014) and will still give a reasonable stress profile ahead of the 

tunnel face in case the solution was used for approximating stress conditions of pre-support 

systems (i.e. forepole and/or spile elements). Future work will consist of improving the curvature 

profile within the unexcavated ground portion.      
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6.7 Conclusion 

This research has made many contributions to improving the Convergence-Confinement Method, namely 

by: 

1. Highlighting the sensitivity (to numerical and parametric variations) of numerically capturing the 

tunnel-face convergence for both unsupported and supported cases, with a discussion of the 

practical implications of selecting an inaccurate LDP.;  

2. Developing a more accurate LDP for the supported case when support is installed within 2Rt  (one 

tunnel diameter or span) from the tunnel-face;   

3. Illustrating and providing technical guidance for the analysis of the influence of support, 

excavation type, and installation location on the tunnel face convergence; and,   

4. Quantifying the influence of support, excavation type, and installation location on the 

longitudinal arching effect that applies additional load to the support system.    

Ultimately this research has developed a method to remove the limitation of the CCM when support is 

installed in squeezing-ground conditions that respond perfectly plastically. Therefore, the results of this 

research provides an approximation for support response for verification exercise in the field, and for 

validation on 3D numerical analysis.   
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Chapter 7 

Semi-Analytical Model for Umbrella-Arch Systems Employed in Squeezing 

Ground Conditions3 

Abstract  

To the tunnel design engineer, methods of approximation that calculate mechanical responses of systems 

are invaluable. Analytical models are often used to quickly validate hypotheses of system response and/or 

magnitude. A semi-analytical model is proposed within this chapter for umbrella-arch systems that 

employ forepole elements in squeezing-ground conditions. The semi-analytical model is based on beam 

theory, elastic foundation theory, and the Convergence-Confinement Method. After a review of the 

literature it became apparent that no model existed for squeezing-ground conditions because the solutions 

were based on gravity-driven (Silo Theory) loading conditions instead of stress-driven (squeezing) 

loading conditions. Through the inclusion of the above-mentioned theories, and adaptation of existing 

models, the new proposed model was found to be more precise when compared to in-situ data, 

specifically from the Birgl Tunnel in Salzburg, Austria. 

  

                                                      

3 This chapter was submitted to an international journal with modifications with the following citation: Oke, J., N 

.Vlachopoulos, and M.S Diederichs, 2016. Semi-Analytical Model for Umbrella Arch Systems in Squeezing 

Conditions.  Tunnelling and Underground Space Technology (Submitted: June 2015) TUST-D-15-00289 
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7.1 Introduction  

There are many design challenges in relation to the determination of suitable tunnel support associated 

with anticipated squeezing ground conditions. This section outlines the requirement for an improved 

analytical solution in order to aid in tunnel support selection and design.  An Umbrella Arch (UA) is 

defined as a pre-support method that is installed during the first pass of an excavation from within the 

tunnel (i.e. above and around the crown of the tunnel face) which provides support and/or reinforcement 

due to the interaction between the support and the rock mass. Specifically, this section of the thesis 

focusses on determining the design and implementation of an UA system that is composed of forepole 

support elements as part of the temporary tunnel support system.  An illustration of relevant temporary 

support elements (and associated parameters and arrangements) in tunnelling is illustrated in Figure 7-1.  

Within literature, there is a consensus that there is no set standard with respect to the design of UAs 

(Carrieri et al. 1991, Hoek 1999, Volkmann 2003, Kim et al. 2005, Volkmann et al. 2006, Volkmann and 

Schubert 2006 and 2007, FHA 2009, Volkmann and Schubert 2010, Hun 2011, and Peila 2013).  As such, 

the semi-analytical model presented herein can be incorporated into the tunnel support design process as a 

approach for UAs.  This approach is predicated upon the concepts introduced in Chapter 4 of this thesis in 

terms of using the UA Selection Chart (UASC) in order to determine the type of UA to employ.  A 

simplified version with the major components of the UASC is seen in Figure 7-2.  The model that has 

been developed utilizes the Convergence-Confinement Method (CCM) (AFTES, 1983) approach in terms 

of expected tunnel behaviour due to excavation while also incorporating the loading condition(s) on the 

UA support elements (i.e. forepoles) using the principles associated with beam theory and elastic 

foundation (Winkler, 1867).  The semi-analytical model created by the author is able to capture the 

response of longitudinal support near the tunnel face and can be used to predict changing ground 

conditions ahead of the face.  The model was validated using results from the Birgl Tunnel (Volkmann, 

2003, Volkamn et al. 2006, Czopak 2004, and TU Graz 2007).  The results of numerical analyses using 
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the semi-analytical approach were able to reasonably capture the displacement profiles associated with 

the behaviour of the forepole elements at the Bigl Tunnel.   

7.2 Background 

7.2.1 General 

Previous methods of approximating the design, implementation, and behaviour of UA systems focused 

exclusively on their use to guard against gravity driven failures associated with shallow excavations. Such 

loading conditions were primarily based on Terzaghi’s silo theory (TST) (John and Mattle, 2002 and  

Figure 7-1: Structural layout of the umbrella arch temporary support system with forepole 

elements. A) Oblique support layout view displaying: Lfp = Length of forepole, and Lfpo = Length of 

forepole (or umbrella arch) overlap. B) Viewport of “D” displaying: Scfp = centre to centre spacing 

the forepole elements; tfp = thickness of the forepole element; and φfp = outside diameter of the 

forepole element.  C) Profile support layout view displaying: αfp = installation angle of the forepole 

element; and Lu = length of the unsupported span. D) Cross-sectional view displaying: Dt = 

Diameter of the tunnel; and αfpa = coverage angle of the forepole elements.   
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Figure 7-2: A condensed version of the UA Selection Chart (UASC) for Convergence Management 

Ground Conditions Only. Terminology: Spile Grouted UA (SpGUA); Spile Confined UA (SpCUA); 

Forepole Confined UA (FpCUA); and Forepole Grouted UA (FpGUA). (Modified after Oke et al. 

2014a).  

Wang and Jia, 2008).  This method can also be used as a foundation for approximating the response by a 

squeezing-type loading condition.  The TST loading condition can be replaced with the CCM analysis 

(i.e. the squeezing loading condition).  The CCM can approximate the stress condition of a tunnel 

boundary to a distance referenced from the tunnel face. The resulting approximated stress condition can 

be used as the loading condition acting upon the UA system. The generally accepted CCM are based on 

an unsupported condition.  This results in an underestimation of the stress conditions acting on the UA 

systems. Therefore, in order to create a more realistic loading condition a modified CCM based on the 

supported tunnel must be used. Further information of the CCM is proved in Section 7.5. 

It is important to note that as per the UASC, two different sub-categories of UA systems are 

employed when considering squeezing-ground conditions: a. Forepole Grouted UA (FpGUA) or b. 

Forepole Confined UA (FpCUA) as defined by Oke et al. 2014a, and illustrated in Figure 7-2. Therefore, 

the analyses conducted within this Chapter have utilized the properties associated with these types of UA 

systems.  
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The Birgl Tunnel located in Austria is the deepest and most comprehensive case study that 

focusses on capturing the behaviour of forepole elements within an UA arrangement.  Instrumentation 

was installed longitudinally and directly above an UA consisting of forepole elements. The 

instrumentation consisted of a 10 link, 20m long chain inclinometer (Volkmann, 2003). This allowed for 

an accurate representation of the displacement profiles at 2 m intervals of the forepole elements.  These 

documented results were used in order to validate the numerical model that was created by the author.  As 

well, the semi-analytical method was developed in MATLAB (Mathworks, 2012).  More details on these 

items are provided within the following sections of this Chapter.   
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Figure 7-3: Illustration of the three different ways the forepole element interacts with the ground. If 

the tunnel face collapses or fails (case IV), the complete support system was not designed properly.  
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7.2.2 Ground Conditions and Support  

Prior to attempting to create an analytical model for an UA consisting of forepole elements, an 

understanding of how the system interacts with the ground must be established. The forepole elements 

interact with the ground by creating a local arching effect between adjacent elements and also confining 

the ground in its position. The local arching allows for global radial arching to occur along the periphery 

of the excavation, redistributing a portion of the stresses around the UA. The remaining stresses are 

transferred longitudinally (parallel to the tunnel axis). The forepole element transfers the stresses 

longitudinally in three different ways throughout the excavation sequence (Figure 7-3). First, the forepole 

element redistributes the stress to the ground and disturbed ground foundation (Figure 7-3i). Second, the 

forepole element redistributes the stress, primarily to the ground (both disturbed and established) and 

secondarily to the support (Figure 7-3ii). Third, the forepole element redistributes the stress 

longitudinally, primarily to the support and secondarily to the ground (Figure 7-3iii). A fourth possible 

way in which the forepole support could interact with the ground exists when the forepole resists the 

ground ahead of the tunnel, without any support from the tunnel face (e.g. the tunnel face has collapsed), 

therefore, redistributing all stress to the support section.  

In order to simulate the established ground and disturbed ground foundation, the author drew on 

previous investigations as well as the incorporation of lateral earth pressure theory. Developed by Charles 

Augustin de Coulomb (1776), lateral earth pressure theory (Coulomb, 1776 and Rankine, 1857) 

establishes the relationship between vertical stress and horizontal stress primarily for retaining-wall 

structures. Lateral earth pressure theory was initially investigated by the author (Oke et al, 2012) as 

forepole elements can also be viewed as a horizontal retaining wall structures within a tunnelling context. 

However, instrumentation (both small- and large-scale testing, and field measurements) by Terzaghi in 

1920 and 1934 on retaining-wall systems could not obtain consistent results when the wall displacements 

were ‘minimal’ (Terzaghi et al., 1996). Such ‘minimal’ (displacements in the order of mm) displacements 

are those that are observed with regards to forpoles during tunnelling operations.  As such, the author 
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investigated the literature (next section) in order to determine other, more applicable concepts to base this 

semi-analytical solution.  

7.3 Literature Review  

After an extensive literature review, the author found that two types of semi-analytical solutions were 

suitable based on the forepole loading scenario(s) as depicted in Figure 7-3. The first type is a simplified 

beam analysis with specified reaction points and loading conditions (Harazaki et al. (1998), John and 

Mattle (2002), and Peila and Pelizza (2003)). The second type employs elastic foundation theory (Wang 

and Jia (2008), Yuan et al. (2013), Song et al. (2013), Oreste and Peila (1998)). The elastic foundation 

models have been used to simulate the interaction between the forepole and the ground.  The following 

sections will describe in detail these methods and will also include the model proposed by Volkmann and 

Schubert (2010).    

7.3.1 Simplified Beam Analysis  

The following sections include the most relevant contributions to the analysis of the UA system 

consisting of forepole elements.   

7.3.1.1 Harazaki et al. (1998) 

Harazaki et al. (1998) includes an analysis of that consists of a simplified beam model to capture the 

moment profile of a forepole element. The simplified model was based on in-situ results of a Forepole 

Grouted continuous UA (FpGcUA) within two zones of ground. The alluvial zone consisted of 

uncemented sand and gravel, with a modulus of elasticity ranging from 0.5-5MPa, standard penetration 

test values ranging from 5-40 (blow counts), and a final surface settlement of 100-120mm. An illustration 

of the simplified beam model and in-situ results of Harazaki et al (1998) for the alluvial zone can be 

found in Figure 7-4.  Figures 7-4a to Figure 7-4c take the reader through the (a) simplified loading model, 

to the (b) beam model of an installed forepole for a tunnelling scenario, to (c) the measured bending 

moment associated to the tunnelling excavation stages.  
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The diluvial zone consisted of uncemented gravel and clay, with a modulus of elasticity ranging 

from 10-50MPa, standard penetration test values ranging from 20-60 (blow counts), and a final surface 

settlement of 20mm. The diluvial-zone simplified-beam model was similar to that of the alluvial, but with 

maximum loading occurring on the structural element above the unexcavated portion of the tunnel. No 

exact specifications or guidelines were given for assessing other forepole elements, as Harazaki et al. 

(1998) concluded that more field data would be required before it would be possible to formalize a design 

methodology.  

Figure 7-4: Illustration of the model proposed by Harazaki et al. (1998) based on measured bending 

moments in alluvial ground conditions.  From Harazaki et al. (1998). 
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It is also important to note that surface monitoring captured pre-displacement (i.e. displacements 

that occurred prior to the tunnel face passing a certain location) settlement ranges of 35-65% and 10-20% 

for the alluvial and diluvial zones respectively. Even though the alluvial and diluvial ground zones 

resulted in different pre-displacements and final displacements, the results of maximum bending moments 

were similar. Furthermore, the maximum moments and settlement were determined to be independent of 

the overlapping, as shown in Figure 7-5. Therefore, it is critical to assess the response of the system 

before and within the non-overlap section of the support. Additionally, the mechanics of the response of a 

FpGcUA (analyzed within Harazaki et al. (1998)) will be different than a FpGUA (which is the focus of 

this Chapter) due to the inclusion of grout.  This mechanical difference may be minor, however, it must 

be taken into consideration for the purpose of analyses.    

 

Figure 7-5: Results of Harazaki et al. (1998) assessment of forepole elements in alluvial and diluvial 

zone, illustrating the effect of overlapped and non-overlapped sections (Harazaki et al. 1998). 

7.3.1.2 John and Mattle (2002) 

Similar to Harazaki et al. (1998), John and Mattle (2002) developed a simplified beam analysis (Figure 

7-6C) in order to determine an approximation for the maximum applied bending moment (Figure 7-6D) 
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of the forepole structural element. John and Mattle (2002) based their analysis on the results of a 

numerical axisymmetric finite element method. Due to the axisymmetric assumption, the forepole 

elements were simulated as a closed ring of horizontal supports (Figure 7-6A). The analysis simulated a 

1m excavation advance rate, as shown in the three different moment profiles of Figure 7-6B.  

 

Figure 7-6: Illustration of the creation of the John and Mattle (2002) Model. A) Illustration of the 

numerical model used to capture the response of the forepole element. B) The numerical results for 

the bending moment at advance 8m (red), 9m (blue), and 10m (green). C) Illustration of analytical 

model of the John and Mattle (2002) model. D) The resulting bending moment profile of John and 

Mattle (2002) model. Illustrations modified from John and Mattle (2002).    

𝑝(𝑥) = (𝛾 −
2𝑐

𝑅𝑚
)(

𝑅𝑚

2𝜆 tan𝜑
) (1 − 𝑒

−2𝜆 tan𝜑
𝐻
𝑅𝑚

tan𝜑
) + 𝑞𝑠 ∙ 𝑒

−𝜆 tan𝜑
𝐻
𝑅𝑚

tan𝜑
 (7-1) 

Where: 

γ: specific weight of ground [N/m3] 

c: cohesion [Pa] 

Rm: mean radius of the silo, which should be calculated assuming the silo as an ellipse with the small 

diameter equal to the 1.5 times the unsupported span (1.5Lu), and the large diameter being the width Dt of 

the tunnel: Rm = 0.5(Dt∙1.5Lu)0.5 

λ: horizontal pressure coefficient, which can be assumed as λ = 1-sin ϕ  

ϕ: friction angle [Deg] 

H: overburden [m] 

qs: Stress on ground surface [N/m2]  

 

John and Mattle (2002) proposed a model that had a fixed reaction point in order to represent the 

ground condition.  This results in an indeterminate system (Figure 7-6C). Furthermore, they proposed a 

loading (p(x)) of an elliptical nature based on TST, as shown in Equation (7-1). Based on the uniformly 
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distributed loading condition, the maximum bending moment will always occur at the fixed reaction 

point, within the unexcavated tunneling section or at the tunnel face. This maximum bending location 

result is not consistent with the findings of Harazaki et al. (1998).   

Additionally, John and Mattle (2002) proposed a model that incorporates the reaction pressure 

caused by the UA on the ground ahead of the face. This proposed model employs simple block sliding 

theory in order to calculate system stability. The model is based on the finite element analyses conducted 

by John and Mattle (2002) and the results demonstrate that the reaction force can be distributed over a 

length equal to the unsupported span. The paper did not propose an exact process for the series of steps 

and specific calculations as a procedure, however, the paper did indicate the requirement to take into 

consideration the disturbed zone ahead of the face.  

7.3.1.3 Peila and Pelizza (2003) 

Peila and Pelizza (2003) proposed a similar model to Harazaki et al. (1998) and John and Mattle (2002), 

which was based on the empirical experience of the authors (Figure 7-7). Peila and Pelizza (2003) 

extended or improved their design procedure that they used in practice. Peila and Pelizza (2003) state the 

following assumptions, simplifications, and approximations: 

a. The concrete (grout) which fills and surrounds the pipe (i.e. forepole) is not normally considered 

in the calculation;  

b. The computation is carried out for the most critical phase, which is just before the installation of 

the steel rib, while the free span is the longest;  

c. The length ahead of the tunnel face which is not acting as support for the pipes (gpp in Figure 7-7) 

is usually empirically chosen and very often the value of 0.5m is assumed; and, 

d. The loading condition is defined by a fraction (0.5-0.75) of the well-known formulation of 

Terzaghi.  

Peila and Pelizza (2003) state that the length gpp is directly linked to the geomechanical properties of the 

ground and to the presence of tunnel-face reinforcements and that further research is needed to quantify 
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the length. This length gpp is a critical value, as it will dictate where the maximum moment will occur for 

design schema b (Figure 7-8). If gpp is greater than the sum of dpp and s pp, then the maximum moment will 

occur within the unexcavated portion of the forepole element, similar to the alluvial zone from Harazaki 

et al. (1998). Conversely, if gpp is less than the summation, the maximum moment will occur within the 

excavated portion for the forepole element, similar to the diluvial zone from Harazaki et al. (1998). 

Furthermore, for design schema a (Figure 7-8), the maximum moment will always occur at the fixed 

reaction boundary (within the unexcavated portion), as per John and Mattle (2002). 

 

 

Figure 7-7: Illustration of the model proposed by Peila and Pelizza (2003), modified after Peila and 

Pelizza (2003)  

7.3.2 Elastic Beam Foundation  

7.3.2.1 Oreste and Peila (1998) 

The proposed solution from Oreste and Peila (1998) employs an elastic spring foundation in order to 

represent the support systems and ground conditions of the forepole element response. Oreste and Peila’s 
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(1998) proposed solution is a system of linear equations solved by using the “Gauss Method” and partial 

pivoting technique, which permits one to obtain the vertical displacement at the application points (i.e., ui 

within Figure 7-8). The steel sets were represented as individual springs. The spring stiffness that 

represent the steel set (equation (7-2)) was a function of the geometric properties of the steel set (hset = 

height of steel set, Eset= modulus of the steel set, and Aset = area of steel set), centre-to-centre spacing of 

the forepole elements (Scfp), diameter of the tunnel (Dt), and the foundation of the steel set (B=foundation 

size, f = correction factor for shape, and Io ground compressibility index) as shown in equation (7-3) and 

(7-4). The stiffness of the ground, equation (7-5), is a function of the spacing of the forepoles, the distance 

between the springs that simulate the ground along the same pipe (cs), the deformation modulus of the 

ground ahead of the face (Egrou), and the depth of the influence in the ground (lg). The use of a spring 

foundation for the supports and ground response allows for a more realistic deformation profile for the 

entire forepole element when compared to the simplified beam models. However, the results indicate that, 

due to the proposed model set-up, a maximum positive moment will occur a fair distance ahead of the 

face (>2m, in the middle of Figure 7-8). Also, a large shear force is found ahead of the face (>1.5m, at the 

bottom of Figure 7-8) at the transition point from a load being applied to no load being applied to the 

forepole. These responses are caused by the independency of the springs used in the proposed model. A 

solution to avoid this independency is through the inclusion of a shear component, as shown within the 

following section.   

𝑘 ≈  105
𝑆𝑐𝑓

1
𝑘𝑠𝑒𝑡

+
𝐷𝑡

2𝑘𝑓𝑜𝑢𝑛

 
(7-2) 

𝑘𝑓𝑜𝑢𝑛𝑑 ≈ 
𝐵1.3

∏ 𝑓𝑖𝐼𝑜𝑖

 (7-3) 

𝑘𝑠𝑒𝑡 ≈ 
𝐸𝑠𝑒𝑡 ∙ 𝐴𝑠𝑒𝑡

(
𝐷𝑡
2

−
ℎ𝑠𝑒𝑡
2

)
2 

(7-4) 

𝑘𝑔𝑟𝑜𝑢 ≈  
2𝑐𝑠 ∙ 𝑆𝑐𝑓 ∙ 𝐸𝑔𝑟𝑜𝑢

𝑙𝑔
 (7-5) 
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Figure 7-8: Proposed model of Oreste and Peila (1998) and resulting bending moment and shear 

force from a parametric analysis on the moment of inertia (J) and support stiffness (k) conducted 

by Oreste and Peila (1998). Case a) J=429.6cm4 and k=2400kN/m, Case b) J=843.9cm4  and 

k=800kN/m,   and Case c) J=249.1cm4 and k=9200kN/m. 

7.3.2.2 Wang and Jia (2008) 

The model proposed by Wang and Jia (2008) includes a Pasternak foundation (Pasternak, 1954) which is 

essentially a Winkler foundation spring model (Winkler, 1867) with an additional shear component, as 

shown in Equation (7-6). This shear component (Gp(x)) removes the independency of the springs and 

their stiffness (k(x)) and has been found to be more accurate in simulating in-situ data, according to Wang 

et al. (2009), when combined with beam theory, as shown in equation (7-7). The loading condition (q(x)) 
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used was based on TST as shown previously in equation (7-1). In order to convert the loading stress into a 

distributed load, it must be multiplied by a loading width, b. Wang and Jia (2008) and other publications 

of the first author (Wang et al. 2009 and Wang 2012) only specify that the loading width, b, is the 

Pasternak foundation width of the beam. Additionally, there is an effective width of the reaction of the 

elastic foundation, denoted as b*, as shown in equation (7-8). It is unclear whether this width is the 

diameter of the forepole element.  Furthermore, the Wang and Jia (2008) model assumes that a distance of 

1.5 times the unsupported span from the tunnel face can be simulated as a fixed reaction to represent the 

support system, as shown in Figure 7-9 (i.e. portion from A-B). An assessment of the Wang and Jia 

(2008) model will be further explained in a subsequent section.  

 

Figure 7-9: Illustration of the model proposed by Wang and Jia (2008) 

𝑝(𝑥) = 𝑘(𝑥) ∙ 𝑤(𝑥) − 𝐺𝑝(𝑥)
𝛿2𝑤(𝑥)

𝛿𝑥2
 (7-6) 

𝐸 ∙ 𝐼
𝜕4𝑤

𝜕𝑥4
= 𝑏 ∙ 𝑞 (𝑥) − 𝑏∗ ∙ 𝑘(𝑥) ∙ 𝑤(𝑥) + 𝑏∗ ∙ 𝐺𝑝(𝑥)

𝛿2𝑤(𝑥)

𝛿𝑥2
 (7-7) 

𝑏∗ = 𝑏 [1 + (
𝐺𝑝(𝑥)

𝑘(𝑥)
)

1
2⁄

𝑏⁄ ] (7-8) 
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7.3.2.3 Song et al. (2013)  

Song et al. (2013) proposed a model (Figure 7-10) based on the in-situ data from Harazaski et al. (1998) 

and numerical model analysis. As this analysis was based on Harazaski et al. (1998), the model has been 

designed for FpGcUA, and as previously stated, will have a different response than a FpGUA. Harazaski 

et al. (1998) takes into consideration the most design parameters when compared to all the other models 

previously mentioned.  Harazaski et al. (1998), simplifies most of the distributed loading condition to 

point loads at the location of foundation springs (i.e. steel sets and shotcrete).  This simplification results 

in very little induced moments and low shear forces within the supported section of the analysis. The 

resulting induced forces may be realistic for FpGcUA, but have been shown not to be accurate for 

FpGUA in numerical analysis (Oke et al. 2014b) and the in-situ data of Volkmann and Krenn (2009) and 

Volkmann and Schubert (2010). Therefore, a FpGUA will require a different model in order to capture 

the complete response of the system.  

7.3.2.4 Volkmann and Schubert (2010) 

Volkmann and Schubert (2010) proposed a model (Figure 7-11) based on the numerical analysis and in-

situ data collected by Volkmann and his collaborators for selected shallow excavations. Volkmann and 

Schubert (2010) did not propose any specific method for solving this model, however, they did comment 

on the difficulty of approximating the loading condition(s). As this model was proposed for shallow 

excavations, it is questionable whether the mechanical response will be the same for deep excavations that 

are dealing with squeezing-ground conditions. It was determined that the loading condition was not 

gravity induced when the overburden was greater than 1.2Dt . Volkmann and Schubert (2010) proposed 

that their back-calculated stress conditions are based on slices of ground that are ‘squeezed out’ by the 
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longitudinal stress component over the entire length of the supported section. The disturbed-ground 

foundation that Volkmann and Schubert (2010) proposed in Figure 7-11 is a conservative response and 

B
en

d
in

g
 M

o
m

en
t 

(k
N

m
)

Length of Forepole (m)

A)

B)

C)

D)

Lfp

Luαfp

Figure 7-10: Illustration of the model proposed by Song et al. (2013). A) Diagram of setup of model. 

B) Illustration of distribution of load. C) Analytical Model. D) Example of results from a 

parametric analysis by Song et al. (2008) 
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they suggested that it can be reduced if additional support is installed (e.g. core reinforcement) or an 

alternative construction sequence is chosen.  

 

Figure 7-11: Illustration of the proposed model of Volkmann and Schubert (2010). Modified after 

Volkmann and Schubert (2010)  

7.3.3 Summary  

Based on the summary of the results of the literature review as cited above, it is quite evident that none of 

the proposed models were specifically developed for squeezing-ground conditions. Most of the loading 

conditions utilized a form of Terzaghi Silo Theory (TST).  Additionally, the length of the disturbed zone 

can vary from 0.5m (Peila and Pelizza, 2003) to the unsupported span length (John and Mattle, 2002) as 

well as to the length of the Rankine Block failure (Wang and Jia 2008, Song et al. 2013, and Volkmann 

and Schubert 2010). Therefore, this disturbed-zone length has not been quantified or fully defined; The 

most conservative response, however, is the Rankine Block failure.  In order to evaluate the historically 

proposed model(s), a case study of a tunnel that encountered squeezing ground behaviour is warranted.   
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7.4 Case Study: Birgl Tunnel  

As previously mentioned, the Birgl Tunnel is located in Austria and is the deepest and most 

comprehensive case study that focussed on capturing the behaviour of forepole elements within an UA 

arrangement.  An umbrella-arch system was required at the Birgl Tunnel at the West portal (Volkmann 

(2003)).  A UA was required for 80m spanning a major Apine fault zone (the “Tauernnordrandstӧrung”).  

The UA that was employed consisted of 29-31 steel cylinder forepole elements with an outside diameter 

of 114mm, wall thickness of 6.3mm, installation angle of 2.5° and a centre-to-centre spacing of 40-50cm 

(Czopak, 2004). The design layout of the Birgl Tunnel can be seen in Figure 7-12. A 20m long chain 

inclinometer was installed above the UA to capture an accurate representation of the displacement 

profiles of the forepole elements within this fault-zone. The material consisted of clayey, cataclastic fault 

zone material with sheared lenses. In this evaluated zone, the overburden rises from 30-50m with 

cohesion of 0.03MPa (Volkmann, 2003) to 0.06MPa (TU Graz, 2007), friction angle of 20° (Volkmann, 

2003) to 30 (TU Graz, 2007), and a modulus of 100 MPa (TU Graz, 2007).   

The chain inclinometer was installed over three UA sections. At approximately 12m ahead of the 

tunnel face the pre-displacement values were insignificant (Volkmann (2003)). Thus, once the second 

chain-inclinometer was installed, the pre-displacement values from the first chain inclinometer could be 

superimposed onto the data recorded for the second to allow one to capture a realistic representation of 

the pre-displacements. The original and superimposed results for chainage 50.3 to 62.3 were presented in 

<6m <5m

1m advance rate

(Czopak 2004)

PS 95/20/30 steel lattice

(Czopak 2004)

Umbrella 

Arch (a) (b)

30cm shotcrete (Czopak 2004)

Figure 7-12: Longitudinal and cross section illustration of the Birgl tunnel (modified after 

Volkmann 2003).  
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Volkmann (2003). The authors used superimposed data in order to create a longitudinal displacement 

profile for the recorded section as shown in Figure 7-13.  

The chain inclinometer also provided in a realistic displacement profile of the forepole element 

that was installed directly below it. From the available data, the authors were able to deduce the position 

of the displacement points after the UA was installed (Figure 7-14) for the first 12m of the 15m long 

forepole element. Three sets of data were captured with the free end of the forepole element 3m from the 

tunnel face as shown in Figure 7-14. Two sets of data points are presented for when the free end of the 

forepole element was at chainage 50.30, as denoted with the white and grey squares in Figure 7-14. One 

set of data consisted of the chain inclinometer installed directly above the forepole element, and the 

second set was from the previously installed chain inclinometer. The white squares are the displacements 

recorded from the chain inclinometer directly above the forepole element, denoted by “b” within Figure 
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Figure 7-13: Longitudinal displacement profile of the Birgl Tunnel based on the in-situ results 

presented in Volkmann (2003) of Chainage 50.3 to 62.3.    
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7-12. The grey squares are the displacements recorded from the previous chain inclinometer (“a” within 

Figure 7-12) directly above the chain inclinometer (“b” within Figure 7-12).  Both of these results are 

presented in order to illustrate the point that even through the magnitudes of the results vary, the general 

profiles are similar. This similarity is important because the forepole elements that have been installed 

beneath these chain inclinometers may not have the same magnitude of displacements, however, they 

should follow the same general displacement profile. Additionally, the data points from chainage 38.3 

show the influence of overburden of the deflection profile as this chainage was shallower. Furthermore, 

one set of data (from chainage 220.6) from Volkmann et al. (2006) captured the results of the free end of 

the forepole element 1.6m from the tunnel face, denoted by the triangles within Figure 7-14. These results 

illustrate the potential change of the displacement profile within different ground conditions. Another 

important difference between these two locations is that the maximum displacement at chainage 220.6 

occurs within the unexcavated ground, while at chainage 50.30, the maximum displacement occurs within 

the excavated portion of the tunnel. Similar findings of location of maximum displacement have been 

found in other research such as Harazaki et al. (1998).  

Figure 7-14 also includes the Wang and Jia (2008) solution. Four different solutions were plotted 

with each requiring a set pre-displacement of 20mm at the location 1.5 times the unsupported span. Two 

cases were presented with and without modifying the elastic spring parameters (stiffness and shear 

parameters). The different cases will be explained in a section 7.6, however, it is important to note that the 

non-modified elastic spring parameters (dashed lines within Figure 7-14) were not able to match the in-

situ displacement profile. Furthermore, the modified elastic spring parameters (solid lines within Figure 

7-14) were able to capture the general trend of the Birgl tunnel in-situ forepole displacement profile, but 

only after the stiffness and shear were reduced by a factor of at least 40 and 10 respectively. Such a large 

modification to the shear and stiffness parameters to calibrate the model is impractical and will be 

addressed in a subsequent section.  
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Figure 7-14: Displacement of the chain inclinometer with the start of the UA 1.6m (triangles) and 

3m (squares) from the tunnel face.    

7.5 Convergence-Confinement Method  

The CCM, as previously mentioned, is composed of three parts. The first part is the Ground Reaction 

Curve (GRC) which relates the internal pressure on the circular excavation to the tunnel wall 

convergence. The second part is the Longitudinal Displacement Profile (LDP) which relates the tunnel 

wall convergence to a location referenced from the tunnel face. The final part is the Support Reaction 

Curve (SRC) which relates deformation of the support to a support pressure (confinement). The GRC and 

SRC are analytical solutions defined by their respective constitutive models, with the assumption of plain 

strain analysis. The GRC and the SRC are two separate theories that do not influence each other when 

support is installed within the cavity of the excavation (e.g. steel sets, shotcrete).  
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Attempting to quantify the location of support installation with respect to the GRC remains the 

most debatable aspect of CCM. This debate is ongoing, as the LDP used to quantify the location are 

developed numerically. The generally accepted LDP is that of Vlachopoulos and Diederichs (2009). 

However, this LDP was developed for unsupported analysis based on 2D and 3D numerical analysis. 

Vlachopoulos and Diederichs (2014) propose a supported LDP, however, it may not be applicable when 

support is installed close (<2Rt) to the tunnel face. A new approach, developed by Oke et al. (Chapter 6), 

was able to create a method in order to adjust the CCM for squeezing-ground conditions with support 

being installed close to the tunnel face, as shown in Figure 7-15. The solution in Chapter 6 was proposed 

for three different excavation methods: Tunnel Boring Machine, Mechanical (Conventional), and Drill 

and Blast. A brief description of the proposed solution for conventional excavation will be summarized as 

the Birgl Tunnel was constructed by conventional means. 

It is important to note that the Chapter 6 solution is not applicable when support is installed 

radially into the rock mass as is the case when rock bolts and grout are used.  Similarly, the addition of 

grout in effect changes the properties of the ground condition resulting in a two-material response. The 

localized influence of rock bolts and grout on the GRC is outside the scope of this chapter. Therefore, for 

the remainder of this chapter, it is assumed that the support being analyzed has minimal influence on the 

ground condition, making the GRC and SRC independent of each. For illustrative purposes within this 

chapter, the author has chosen to employ an elasto-plastic generalized Hoek-Brown failure criterion for 

the GRC (Duncan-Fama,1993) and linear elasticity principles for the support reaction curve (Hoek, 2007). 

As shown in Figure 7-15, the first step of the solution is to determine the initial CCM solution 

based on an unsupported LDP.  The generally accepted unsupported LDP is based on work done by 

Vlachopoulos and Diederichs (2009), as expressed in equations (7-9) and (7-10).  

If X* < 0 (i.e. condition in the rock mass ahead of the face)   

𝑢∗ =
𝑢

𝑢𝑚𝑎𝑥
= 𝑢0

∗𝑒𝑋∗
 (7-9) 

If X* > 0 (i.e. condition in the open tunnel)  

𝑢∗ = 1 − (1 − 𝑢0
∗)𝑒−

3𝑋∗

2𝑅∗  (7-10) 
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In Chapter 6, it was found that Vlachopoulos and Diederichs (2009) solution for normalized tunnel face 

convergence, uo* (equation (7-11)) based on plastic radius ratio, R*, was based on a mesh that was coarse 

in comparison to recent capabilities of 2D axis-symmetric analysis.  

 

Figure 7-15: Illustration of the methodology for the modification to the CCM (Chapter 6). 

𝑢𝑜
∗ =

1

3
𝑒−0.15𝑅∗

 (7-11) 

 

In Chapter 6, a 2D axisymmetric analysis found the following solution, by using fine, uniform, and higher 

order mesh elements. 
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𝑢𝑜
∗ = 0.38𝑒−0.12𝑅∗

 (7-12) 

  

Once the initial support equilibrium has been found, an iterative process is conducted for reducing the 

tunnel face convergence, ufo*, based on the follow equation: 

𝑢𝑓𝑜
∗ = 𝐴𝑓2 ∙ 𝑢𝑓

∗𝐵𝑓2∙ (7-13) 

 

Where uf* is the reduction of tunnel final convergence (umax/umaxsup), and the following curve-fit variables 

for conventional excavation methods which is based on the unsupported span length, Lu, and tunnel 

radius, Rt.  

𝐴𝑓2 = 0.019
𝐿𝑢
𝑅𝑡

+ 0.88 (7-14) 

𝐵𝑓2 = 0.347 ∙ 𝑒
−0.528

𝐿𝑢
𝑅𝑡  (7-15) 

 

Thus, equation (7-13) can be inserted into (7-12) in order to further reduce the tunnel face convergence, 

as shown in (7-16).  

𝑢𝑜𝑠𝑢𝑝
∗ = 0.38

𝑢𝑓
∗

𝑢𝑓𝑜
∗ ∙ 𝑒−0.12∙𝑅∗

 
(7-16) 

 

Additionally, the normalized solution has been converted from the maximum convergence of the 

unsupported tunnel excavation (umax) to the maximum supported convergence (umaxsup).  Therefore, the 

remainder of the Vlachopoulos and Diedierichs (2009) solution (equation (7-9) and (7-10)) needed to be 

modified as shown in (7-17) and (7-18).  

If X* < 0 (i.e. condition in the rock mass ahead of the face) 

𝑢∗
𝑠𝑢𝑝 =

𝑢

𝑢𝑚𝑎𝑥𝑠𝑢𝑝
= 𝑢0sup

∗ 𝑒𝑋∗
 

(7-17) 

 

If X* > 0 (i.e. condition in the open tunnel) 

𝑢∗
𝑠𝑢𝑝 = 1 − (1 − 𝑢0sup

∗ )𝑒−
𝑀𝑐𝑋

∗

𝑅∗  
(7-18) 
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Simply adjusting the tunnel face position and normalized parameter was not able to completely capture 

the curvature profile of a supported LDP.  Therefore, the curvature was additionally modified through the 

introduction of the variable Mc into equation (7-18), which replaced the 3/2 curve fitting value. The Mc 

variable, as shown in equation (7-19), is primarily a function on the normalized support stiffness, k’ = 

k/Erm. Where k is the support stiffness and Erm is the rock mass modulus.  

𝑀𝑐 = 𝐴𝐿 ∙ 𝑘′𝐵𝐿  (7-19) 

 

The Mc variable, was found to be an additional function of the normalized ground material, σcm* = Po/σcm. 

Where Po is the in-situ stress and σcm is the rock mass compressive strength  

𝐴𝐿1 = 𝐴𝐿𝑎 ∙ 𝜎𝑐𝑚
∗ + 𝐴𝐿𝑏 (7-20) 

𝐵𝐿1 = 𝐵𝐿𝑎 ∙ 𝜎𝑐𝑚
∗ + 0.159 (7-21) 

 

The Mc variable, was subsequently found to be a function of the unsupported span, Lu, and tunnel radius, 

Rt.  

𝐴𝐿𝑎 = −0.772(
𝐿𝑢
𝑅𝑡

)
2

− 0.239
𝐿𝑢
𝑅𝑡

+ 4.038 
(7-22) 

𝐴𝐿𝑏 = 2.125(
𝐿𝑢
𝑅𝑡

)
2

+ 0.468
𝐿𝑢
𝑅𝑡

− 2.973 
(7-23) 

𝐵𝐿𝑎 = −0.0049(
𝐿𝑢
𝑅𝑡

)
2

+ 0.0025
𝐿𝑢
𝑅𝑡

+ 0.0148 
(7-24) 

 

The next step in the process, as shown in Chapter 6, is to adjust for the overloading effects, P’, on the 

support system, as shown in Cantieni and Anagnostou (2009).   

   𝑃′ =
(𝐴𝑜𝑖 ln 𝑆′+𝐵𝑜𝑖)

(1+𝑒
−log(

𝑘′2

𝐷𝑜𝑖
)
)

 (7-25) 

 

Where the following curve-fit variables (least square analysis) were found to be a function of the 

normalized ground material.  
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𝐴𝑜2 = 0.774𝑒−0.364𝜎𝑐𝑚
∗
  (7-26) 

𝐵𝑜2 = 4.051 𝜎𝑐𝑚
∗ −1.259 (7-27) 

𝐷𝑜2 = 20.342𝑒−0.59𝜎𝑐𝑚
∗

 (7-28) 

 

The applicability of using the CCM as a loading condition for the forepole element is illustrated 

in Figure 7-16. Figure 7-16 illustrates a stress block on the surface of the excavation for three different 

conditions: A) GRC assumption; B) numerical model assumption with no UA installed; and, C) numerical 

model assumption with an UA installed. It is apparent that when comparing the GRC (A) to the numerical 

(B) that the stress block will take a different stress path. This difference is because the GRC has constant 

decreasing internal pressure until it comes to equilibrium with the support being installed.  With the 

numerical model, internal pressure will decrease to zero and then increase to the equilibrium pressure due 

to the support. When an UA is installed, however, and the internal pressure is zero, there is the addition of 

a reaction force caused by the forepole element (c). This reaction force allows for a smoother transition 

from the in-situ stress condition above the UA to the support equilibrium condition. Therefore, it is 

hypothesized that the support overloading will be reduced significantly due to the installation of the UA 

(which reduces the longitudinal arching effect). Thus, the overloading can be deemed insignificant and 

can be removed from the analysis process.   

7.6 Verification of Birgl Tunnel Parameters 

Based on the known ground material properties, support, and in-situ data for this case study, the author 

has conducted a verification exercise. In order to obtain a baseline understanding of the support-ground 

interaction the author employed a two-dimensional (2D) plain strain analysis in Phase2 (Rocscience, 

2013). The pre-convergence was initially adjusted to match the pre-displacement at the tunnel face of 

80mm (Figure 7-13). The author used a core softening technique, as explained in Vlachopoulos and 

Diederichs (2009), in order to match the excavation sequencing. A parametric analysis was carried out 
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based on the variability of the material properties (cohesion 0.03 to 0.06MPa, friction angle 20°-30°, 

modulus of elasticity 100-200MPa) to attempt to match the finial convergence values of the Birgl Tunnel. 

The UA was not specifically simulated within the analysis, due to the limitations within the 2D analysis 

associated with inserting this type of 3D support system. It was first thought to be insignificant, as the 

Figure 7-16: Illustration of a stress block at the end of the tunnel excavation boundary. A) GRC 

assumption. B) Numerical model assumption without a forepole elements. C) Numerical model 

assumption with a forepole element. Where: σt = Tangential Stress;  σr = Radial Stress;  σL = 

Longitudinal Stress; Pi = Internal Pressure; Ps = Support Pressure; Pfg = Pressure caused by stress 

transfer of the forepole element to the ground foundation; and  Pr = Pressure caused by reaction 

of forepole element. Note: C) does not show the stress transfer of the forepole element to the 

support foundation.  
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author had control over the pre-displacements, a major influencing factor of the support system. It was 

found with the lowest published Mohr-Coulomb failure condition properties (20° and 0.03MPa) and a 

modulus of 200 MPa results in a reasonable displacement profile.  

A 3D numerical model was created using RS3 (as shown in Figure 7-17) in order to carry out a 

similar parametric analysis in an attempt to determine the influence of the ground and support interaction. 

Due to limitation of the numerical models automated meshing, the initial length was limited to only 26m 

of excavation length (three consecutive UA systems) with a view to having a reasonable computation 

time.   

 

Figure 7-17: Three-dimensional numerical RS3 model of the Birgl Tunnel. A) Illustrates the 

different material zones (shotcrete and ground material) as well as the 5m top heading bench. B) 

Support elements used within the numerical model. C) Boundary conditions of the symmetric 

numerical model. D) Scaled design drawing of the Birgl Tunnel (modified from Czopak, 2004). E) 

Numerical Mesh used within the numerical model. F) Reference diagram of the general design of 

the Birgl Tunnel (Modified from Volkmann, 2003).  
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It was found that the calibrated Phase2 Mohr-Coulomb parameters (friction angle =20°, cohesion 

0.03MPa, and modulus of elasticity = 200 MPa) resulted in reasonable displacement within the 3D 

analysis (solid black line within Figure 7-18) as denoted as Case 2. It was found that within the limits of 

the published failure criteria parameters, a modulus of 100MPa was also able to border the in-situ 

displacement profile. The 2D analysis indicated the opposite; it was found that all of the parametric 

analysis concerning the failure criteria with a constant modulus of 100MPa resulted in unrealistic 

convergences (>3m). The author attribute this difference to the limitations concerning simulation of the 

UA within the 2D analysis (i.e. incorporation of longitudinal support mechanisms in a plane-strain 
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Figure 7-18: Longitudinal displacement profile of the Birgl Tunnel based on the in-situ results 

presented in Volkmann (2003) of Chainage 50.3 to 62.3 with the results of the RS3 parametric 

analysis of the ground material properties. Analytical results are based on the CCM solution 

proposed in Chapter 6.  
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analysis), as well as 2D analysis not being capable of capturing the effects of the top heading invert being 

installed so close (5m) to the tunnel face. Initial findings indicated that a friction angle of 20°, cohesion of 

0.06MPa, and modulus of 100MPa were able to capture within the borders of the displacement profile 

quite accurately as shown with the double black line within Figure 7-18, denoted Case 1. An additional 

permutation of the material properties was found to fall within the in-situ displacement profile (friction 

angle of 25°, cohesion of 0.03MPa, and modulus of 100MPa) but was shown to have the least accurate 

forepole displacement profile, as shown in Figure 7-19. Figure 7-18 also displays the analytical solutions 

for material Cases 1 and 2 based on CCM of Chapter 6. A summary of the properties used for Case 1 and 

Case 2 is shown in Table 7-1. These analytical responses are a respectable representation of the stress 

field the forepole elements will be resisting when employed.   

Table 7-1: Numerical model parameters used 

Property  Case 1 Case 2 

Elastic Modulus (MPa) 100 200 

Cohesion (MPa) 0.06 0.03 

Friction Angle (°) 20 20 

 

The numerical analysis presented in Figure 7-18 and Figure 7-19 was based on the RS3 default support 

interaction parameters for the forepole structural element. The result of the default support interaction 

parameters as shown in Figure 7-19 was found to be magnitude good approximation of the in-situ 

displacement profile. Discrepancy between the numerical and in-situ displacement can be expected due to 

the non-calibrated support interaction parameters, not simulating the saw-tooth or niche excavation 

profile, and unknown stress conditions.    

7.7 Proposed Semi-Analytical Model 

The authors Oke et al. (2014b) previously investigated the application of the Wang and Jia (2008) model 

with a numerical model that was not validated to a case study. However, a parametric analysis was 

conducted using this model in order to verify the response of the support systems. The previous results of 
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Oke et al. (2014b) indicated that the Wang and Jia (2008) model was not suitable for squeezing ground 

conditions.  This conclusion by Oke et al. (2014b) was based on the following:  

a. The Rankine failure block that was used to define the disturbed-ground zone and loading length 

was not as accurate as the length of the  plastic failure region in capturing the results of forepole 

displacement;  

b. Disturbed-ground parameters allow for more accurate representation of the forepole displacement 

profile;  

c. Boundary conditions were investigated and it was found that the simplification of a fixed reaction 

point was able to potentially capture the maximum moment. However, the fixed boundary 

condition was not able to capture the exact location or remaining displacement profile; 
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Figure 7-19: Displacement of the chain inclinometer with the start of the umbrella arch 1.6m 

(triangles) and 3m (squares) from the tunnel face. Solid lines denote forepole displacement profile 

from the numerical RS3 analysis.     
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d. The initial boundary conditions using a spring to represent the support system, similar to Oreste 

and Peila (1998), were not ideal because the springs in elastic foundation theory are at 

equilibrium at zero displacement. Therefore, when the pre-displacement boundary conditions are 

set at the initial boundary condition, the springs are pre-loaded, resulting in displacement and 

moment profile opposite of what is expected. To address this, Oke et al. (2014b) investigated the 

effect of reducing the stiffness of the support springs, but this resulted in unrealistic parameters. 

Oke et al. (2014b) investigated increasing the loading condition to pre-load the support springs, 

but this resulted in unrealistic stress conditions. Ultimately, Oke et al. (2014b) found that the most 

realistic response was using a pin connection with a known pre-displacement at the location of 

each of the steel sets. This assumes that the displacement at the steel sets would be negligible 

compared to the displacement on the other support systems;   

e. The impact of increasing the loading conditions across the entire support, as well as decreasing 

the loading conditions within the region of the overlap of the forepole element, was found to 

capture the displacement profile more accurately; and, 

f. It was found that the Terzaghi’s silo theory (TST) was not ideal for representing the loading 

conditions and that CCM had a better representation of the numerical results. Investigating the 

LDP approaches of both Vlachopoulos and Diederichs (2009) and Oke et al. (2013) found that the 

inclusion of the support component was more ideal in representing the numerical analysis results.  

After developing this proposed semi-analytical model as published in Oke et al (2014b), the authors of 

this paper have further developed the code for the analysis in order to allow for more discretization to 

capture a change in material properties (possible weaker or stronger zone), and also to allow for more 

precise loading conditions (see Figure 7-20). As shown in Figure 7-20, the loading and elastic foundation 

equivalent widths (b and b*) from Equation (7-8) have been simplified to the centre-to-centre spacing of 

the forepole elements, scfp. The current model still has the following two simplifications: the centre-to-

centre spacing is constant; and the angle of installation is not taken into consideration. The following 
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section will outline the code the authors have developed in MATLAB that is used to solve the proposed 

model.  

  The solution of the proposed model is presented in Figure 7-21 for Case 1 and Case 2 materials 

for the Birgl Tunnel.  Figure 7-21 presents five different solutions based on various assumptions that are 

explained in the subsequent section. Table 7-2 illustrates the parameters modified for the 5 solutions 

presented in Figure 7-21.  

7.7.1 Solution Process for Proposed Semi-Analytical Model 

The solution process for the proposed semi-analytical model consists of the following steps which are 

further elaborated upon in the following sub-sections:  

1. Defining loading condition;  

2. Defining the number of steel sets and respective displacements; 
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Figure 7-20: Illustration of proposed model (bottom right) for a given situation (top) and the 

associated Pasternak foundation and beam theory equations.   
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3. Defining the ground foundation; 

4. Defining the disturbed-ground foundation distance; 

5. Solving; and, 

6. Calibration (optional, if in-situ measurements are available). 

Table 7-2: Parameter modification for the five different solutions illustrated within Figure 7-21, 

where Rf = 3 and 2 for case 1 and case 2 respectively. 

So
lu

ti
o

n
 

C
as

e 

Displacement  

Established  
Ground 

Foundation 

Disturbed  
Ground 

Foundation 

Stiffness Shear  Stiffness Shear  

1 1 CCM (u/Rf) K G dK dG 

2 1 CCM (u/Rf) K G*10 dK/3 dG*10 

3 1 In-situ  K/1.25 G*10 dK/2.75 dG*10 

4 2 CCM (u/Rf) K/3.5 G*10 dK/3.5 dG*10 

5 2 In-situ  K/3.5 G*10 dK/3.5 dG*10 

7.7.1.1 Loading Condition  

As previously described, the solution requires a loading stress based on the Convergence-Confinement 

Method (CCM) of Chapter 6. The loading stress from the GRC, however, is not expressed in terms of 

location from the tunnel face but in terms of tunnel convergence.  A discretized allocation of the LDP has 

to be synced to the GRC. Afterwards, an offset of the loading condition with respect to location is 

required to find the differential stresses being applied to the support system.  Lastly, an analysis is 

conducted to curve fit a second-degree polynomial function for each discrete zone of the analytical model 

(e.g. the disturbed ground foundation, as shown in Figure 7-20) to define the loading with respect to 

distance.  

A previous investigation (Oke et al. 2014b) found that there is an approximate reduction of 0.5 

times the loading condition within the region of the overlap. This reduction has been included within the 

five solutions illustrated. This reduction of the loading condition will need to be further verified by in-situ 

field data, as it was previously only found through a comparison of numerical model analyses. 
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Figure 7-21: Displacement results of a forepole element. Squares and triangles are in-situ 

displacement measurements of the Birgl Tunnel.  

7.7.1.2 Steel Sets and Displacements  

Each steel set being simulated within the analysis requires a pre-determined displacement. This 

displacement value can come from either an assessment of CCM or in-situ results. The displacement 

values of the steel set need to be adjusted to a reference state when the forepole element is initially 

installed (similar to the loading condition), not the actual displacement of the steel sets. This displacement 

value is important to maintain an accurate displacement profile of the forepole element.  

It was determined through this investigation that a reduction factor, Rf, was required, as shown in 

Figure 7-21, for solutions 1, 2 and 4, to have reasonable displacements with respect to the in-situ 

displacement measurements. This was deemed to be reasonable, given that the CCM solution of Oke et al. 
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(2016) does not take into consideration any pre-support.  Additional calibration of this reduction of 

displacements to in-situ measurements would be required in order to quantify these values.   

Additional solutions were plotted in Figure 7-21 (solutions 3 and 5) with the analytical model 

using the known displacement found from Volkmann (2003) for both Case 1 and Case 2 material 

properties. These solutions were able to match the in-situ results easily after a slight modification to the 

ground foundation elastic properties as explained in-subsequent sections.  

7.7.1.3 Ground Foundation  

The ground foundation consists of two different sections, the established and the disturbed-ground 

foundation that require elastic stiffness and shear parameters.  The disturbed-ground foundation 

parameters must be modified to take into account the disturbed ground ahead of the tunnel face. In order 

to quantify the reduction of the disturbed value the authors suggest employing equation (7-29) from Hoek 

and Diederichs (2006) with a disturbed value, D, of 1. 

𝐸𝑟𝑚 = 𝐸𝑖 (0.02 + 
1 − 𝐷/2

1 + 𝑒(
60+15𝐷−𝐺𝑆𝐼

11
)
) (7-29) 

 

This disturbed value, D, can be lower than 1 if additional support, such as core reinforcement is 

employed. This reduction to the disturbed value, D, would need to be quantified through numerical 

modelling or in-situ measurements. As weak rock masses have a GSI that typically range between 5-15 

GSI, therefore, a GSI of 10 was assumed for the disturbed-ground foundation for the analysis of the Birgl 

Tunnel.  

Solution 1 within Figure 7-21 used the actual elastic ground parameters and clearly does not 

match the displacement profile. The ground foundations were slightly modified for the solutions with the 

pre-displacement set by CCM (solutions 2 and 4 of Figure 7-21). The shear components were increased 

by a factor of 10, and the stiffness values were reduced by a factor of 3 (disturbed only) for solution 2 and 

factor 3.5 for solution 4, in order to obtain a reasonable solution in comparison to the in-situ results. This 
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slight modification, which is significantly less then what was required for the Wang and Jia (2008) model, 

can be easily rationalized by the exclusion of multiple aspects (e.g. annulus, grout, niche-profile, angle 

and spacing of forepole elements, etc.).  

Solutions 3 and 5 (in-situ displacements) were directly matched to the in-situ results of Volkmann 

(2003). The same modifications were used for the shear component of the elastic foundation, however, a 

more precise modification was required for both the established and disturbed ground foundation as 

illustrated in Table 7-2.        

7.7.1.4 Disturbed Ground Foundation Distance 

As Volkmann and Schubert (2010) suggested, the length of the disturbed region will be influenced by 

support and construction method. The length of the disturbed region can be conservatively predicted by 

employing the Rankine block failure distance, as illustrated in Figure 7-11, or can be numerically 

determined by a simple axisymmetric analysis (Oke et al 2014c). The solutions shown in Figure 7-21 all 

employed the conservative solution of the Rankine block failure distance.  

7.7.1.5 Solving and Calibration  

As illustrated in a previous section, the solution is able to match the in-situ data through a calibration 

exercise. Through consecutive UAs being monitored for a given excavation, it will be possible to 

calibrate all adjustment factors for the proposed model in order to obtain the established ground material 

properties.    

7.7.2 Weakness Zone – Confirmation of Concept  

Volkmann and Schubert (2006) illustrated that through instrumentation of forepole elements it is possible 

to capture the influence of a weaker zone ahead of the tunnel face before it is actually excavated. Their 

results are illustrated in Figure 7-22. This figure depicts the displacement profile of a forepole element 

during a segment excavation (i.e. 5 sub-sections of excavation of the face). Volkmann and Schubert 

(2006) were able to capture this weakness zone during the first segmented stage (1) being excavated. 
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Their results showed the embedded end of the forepole element was displaced more than the forepole 

element near the tunnel face. Due to this early indication of a weaker zone, additional support was able to 

be installed in order to proceed through the weaker zone without any issues.   

A warning system can be created from instrumenting and monitoring a forepole element, 

however, it is not possible to quantify the weak zone’s material properties. Normally, an extensive 

numerical model or probing with subsequent laboratory experiments is the only way to determine true 

material behaviour. As these two approaches are too time consuming for an active tunnel excavation, the 

new proposed model could be employed to quantify the material properties provided it can be assumed 

that the stress conditions are constant. The new proposed model is capable of capturing a weakness zone 

as it is the only model that applies the stress condition across the entire forepole element. The Volkmann 

and Schubert (2010) model is incapable of capturing this type of weakness zone response because the 

loading is only being applied at the centre, as shown in Figure 7-11. Thus, the response of the model will 

always have decreasing displacement as it approaches the embedded end of the forepole element.    

7.8 Discussion and Conclusions 

The following are discussion points and conclusions related to the limitations of the analysis, 

considerations, as well as applications of the proposed model.  

a. Elastic foundation theory assumes that the ground and the structural element move as a single 

entity. In reality, the structural element will have a slightly different (but dependent) displacement 

due to the annulus created during installation of each support element that creates the UA, and the 

grout injected (if used) into that annulus. This influence, and additional factors, could explain the 

requirement for the slight modification to the elastic foundation parameters for the ground 

foundation. More in-situ data are required in order to quantify these modifications. Additionally, 

the disturbed parameter, D, will need to be further development in order to capture the influence 

of additional pre-support and excavation sequencing; 
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b. The modification of the ground foundation can also be affected by the installation method. As is 

shown in Volkmann and Schubert (2008), the difference between case-drilling and pre-drilling 

can result in excess displacements in the latter. The Birgl Tunnel, used within this study, 

employed the case-drilling method. Therefore, if the pre-drilling method is employed, further 

reductions of the elastic foundation properties will need to be included. This further reduction can 

only be verified through further investigation of in-situ data; 

 

Figure 7-22: Displacement profile of a forepole element during a segmented excavation with a 

weaker zone ahead of the tunnel face. Modified after Volkmann and Schubert (2006).  

c. The effective width of the loading condition and response of the ground foundation need to be 

further investigated. The contribution width for the loading condition should be slightly larger 

than the width of the ground foundation due to the curvature of the crown. Additionally, the 
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widths should increase as the forepole elements go further into the unexcavated ground because 

of the angle of installation. Currently the effective width in the model is constant. Further 

investigation is warranted on this approximation as well as its influence on the modification of 

the ground foundation;  

d. Volkmann and Schubert (2010) indicate that the loading conditions past 1.2Dt (for the selected 

case) is squeezing controlled, not gravity controlled, indicating that the proposed model presented 

in this paper may be applicable for shallower excavations that may not be dealing with squeezing 

ground failure conditions, but due to the support installed result in squeezing like behaviours;  

e. The reduction of the loading stress due to the overlap of the UA system needs to be verified 

through in-situ data. It currently stands that a reduction of 0.4-0.5 could be applied to the loading 

stress based on a numerical model of Oke et al. (2014b). The reduction seems to be relevant, as 

the results of Harazaki et al. (1998), as shown in Figure 7-5, indicate smaller bending and 

deflection within the overlapped section of the UA; 

f. Convergence-Confinement Method assume that the umbrella-arch support is installed completely 

around the excavation (i.e. it does not consider the coverage angle of the forepole elements, αfpa). 

This assumption will result in a good approximation of the forepole elements in the center of the 

UA. It is unclear how loading is transferred to the periphery forepole elements of the UA, and this 

cannot be verified without a further numerical/in-situ investigation; and, 

g. The Convergence-Confinement Method has been used to predict the forepole displacement. It 

was found that the Convergence-Confinement Method over-predicts the displacement, as the 

solution of Chapter 6 does not take pre-support (umbrella-arch systems) into consideration. 

Further work is required in order to quantify the reduction factor necessary to obtain an accurate 

displacement location of the steel sets so that the model proposed in this paper can be more 

suitable as a predictive measurement tool. 
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The author has also found the following limitations of the Wang and Jia (2008) model when applied to 

squeezing ground conditions and when compared to the in-situ results of Czopak (2004) with the addition 

of numerical (2D and 3D) verified ground parameters: 

1. The assumed fixed boundary condition results in an unrealistic deflection shape, making it 

difficult to match in-situ data;  

2. The elastic ground foundation parameters had to be significantly reduced in order to match in-situ 

results; and, 

3. Having the loading condition only applied within the fixed boundary condition and disturbed-

ground foundation resulted in lower elastic-ground foundation required to match deflections 

within the established ground foundation.  

The author has determined that their semi-analytical model was able to more precisely capture the in-situ 

data results with minimal adjustments to established elastic foundation parameters.  Furthermore, the 

model in conjunction with the use of monitoring instrumentation, could be used as a way to quantify the 

properties of ground material ahead of the tunnel face.  
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Chapter 8 

Discussion and Conclusion 

8.1 General  

The overarching objective of the research was to determine the mechanistic behaviour of umbrella arch 

systems with a view to optimizing their design. To this end, this investigation included:  

a. An extensive literature review and the development of an empirical data base;  

b. The creation, use, and interpretation of two-dimensional and three-dimensional numerical 

models; and,  

c. The development of a semi-analytical model for squeezing-ground conditions based on:  

i. pre-existing analytical/emprical models; and, 

ii. Improvements to the existing convergence-confinement method.   

In pursuing this research, the author made many contributions to the field through journal and conference 

papers, which are cited and summarized below. The limitations associated with this research are also 

listed. This chapter concludes with recommendations regarding further investigation of related issues 

within this field of research. 

8.2 Areas of Contribution  

The specific areas of contribution to the field that were addressed by this investigation are summarized 

below: 

a. An extensive literature review was conducted regarding the following topics/issues in order to 

address what is considered state-of-the-art and identify gaps in scientific knowledge and practices 

in the tunnelling industry. The author: 

i Assessed case studies of various applicable umbrella arch systems (Appendix C);  

ii Investigated analytical/empirical methods related to umbrella arch systems;  



 

  

 

246 

iii Investigated numerical methods associated with the analysis of umbrella arch systems; 

and,  

iv Investigated convergence-confinement method. 

b. A proposed nomenclature for the umbrella arch system (Appendix A) was developed; 

c. An empirically driven, methodology for the selection of an appropriate umbrella arch support 

system based primarily on potential ground failure condition(s) was produced; 

d. A methodology for numerical modelling of umbrella arch systems focusing on an optimization 

for select design parameters for umbrella arch systems in squeezing ground conditions was 

developed.  

e. A method for incorporating the influence of support stiffness, location of installation, and 

longitudinal overloading within the convergence-confinement method was developed; and, 

f. A semi-analytical method for the analysis of forepole elements within umbrella arch systems 

employed within squeezing-ground conditions that employs the previously mentioned new 

incorporations to the convergence-confinement method was developed.  

8.3 Limitations of Research  

As with any undertaking of this nature, there were certain limitations that within which the author had to 

work. Below is a list of these limitations. 

8.3.1 Limitations in Empirical Data  

The empirical data-set that was collected states either that the support system fails or is able to withstand 

the stresses/displacements to which the system was subjected (stable). When a system is stable, there is 

typically no way to quantify the amount by which the system is overdesigned. The empirical data-set 

consists of many umbrella arch systems that were used successfully. However, these systems may not 

have been required at all, or alternatively, a less-extensive umbrella arch may have sufficed. Therefore, all 

results based on the empirical data may well be overdesigned by some unknown factor.  
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8.3.2 Limitations of Numerical Modelling  

As with any numerical modelling, the results are influenced by the numerical type (continuum vs dis-

continuum), mesh, constitutive model, and structural elements that are utilized.  

8.3.2.1 Continuum Approach  

For all of the numerical modelling analyses that were conducted as part of this thesis, a continuum model 

was chosen in order to represent the ground material in two-dimensional, axisymmetric, and three-

dimensional analyses. For two-dimensional and axisymmetric analyses, the size of the mesh was 

minimized, factoring in the limitation of the available memory of the computer that was utilized. For 

three-dimensional analysis, computational time was a constraint; therefore, the mesh size was restricted to 

the spacing of the structural elements, in order to at least capture a response between the elements. With 

advancement in computation speed and increased capacities, a finer mesh as well as higher-order 

elements could be employed in order to increase the fidelity of the numerical mesh. As demonstrated 

throughout the research, the results are within accepted tolerances; however, they are not able to capture 

discontinuum failure mechanisms, such as detrimental loosening of the ground material or block failure.   

8.3.2.1 Constitutive Models  

The constitutive models used within the thesis were perfectly plastic with zero dilation. This limitation is 

reasonable for most squeezing-ground conditions, which was the focus of this thesis. Other post-failure 

behaviours (strain-softening, strain-hardening) and dilatational effects were outside the scope of this 

thesis.   

8.3.2.2 Structural Elements  

The structural elements within this thesis were primarily simulated by a linear element for forepole 

elements, rockbolts and shotcrete (two-dimensional analysis) only, and shell elements for shotcrete (three-

dimensional analysis) and steel sets.  The complexity of these linear elements to simulate forepoles has 

been previously stated in Chapter 5. Most three-dimensional models employed a zone of shotcrete rather 
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than a structural (shell) element, in order to remove the complexity of the interaction parameters 

associated with structural elements. This also allowed for the adaptation of the steel sets as a shell 

element, removing the need to give equivalent material properties to simulate both supports in one 

structural element, as suggested in Hoek et al. (2008).    

8.4 Conclusions  

The work presented in this thesis presents a comprehensive guide for tunnel designers in terms of 

selecting an umbrella arch system to be employed in squeezing ground conditions. Chapter 4 (Oke et al. 

2014a) provides a standardized nomenclature with the purpose of clarifying the differences between 

relevant support elements. Chapter 4 (Oke et al. 2014a) additionally provides, through an acceptance of 

the nomenclature and an understanding of the expected failure conditions (based on the proposed 

selection methodology), the umbrella arch design chart (UASC) to allow for the selection of an 

appropriate umbrella arch system for all ground failure types.  

If this system is installed in squeezing-ground conditions, the designer can employ numerical 

modelling techniques, defined in Chapter 5 (Oke et al. 2014b), to quantify the local, global, and 

longitudinal arching effects as well as the composite response of the complete support system. Chapter 5 

(Oke et al. 2014b) provides the following major findings:  

a. An examination of two-dimensional numerical analysis determined that such techniques were 

mechanistically incorrect in capturing the global response of umbrella arch support systems that 

employ forepole elements (without the grout penetrating into the rockmass); 

b. The importance of interaction parameters in numerical modelling of umbrella arch systems in 

three-dimensions, and recommended procedures for the calibration processes, were presented for 

both shallow- and deep-tunnelling excavation scenarios. The most sensitive parameters were 

determined to be the normal and shear stiffness, as well as the normal cohesion; 

c. The optimum length of forepole overlap, Lfpo, was found to be related to the failure region ahead 

of the tunnel face.  
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i. For subsidence-driven (shallow) designs, Lfpo must be at a distance past the plastic failure 

region; 

ii. For squeezing ground, Lfpo must be at a distance past unstable ground sections, with the 

extent of tension failure assumed; and, 

iii. Axisymmetric analysis was found to provide a quick approximation of this design 

parameter;  

d. The coverage angle of the forepole elements was found to exert a greater influence on the global 

response of a system than does the centre-to-centre spacing of the forepole elements. The author 

has proposed a two-dimensional analysis approach in order to capture the maximum spacing in 

squeezing ground conditions. A three-dimensional analysis is still required to capture the 

influence of the coverage angle; and,  

e. The research provided an overview of suggested, sound numerical modelling procedures for 

support systems, optimization of design, and the comprehensive performance of full three-

dimensional analysis of preliminary design. 

 

Lastly, the above-mentioned system can be verified through use of a semi-analytical model 

presented in Chapter 7 based on a modification to the convergence-confinement method (as presented in 

Chapter 6 . This semi-analytical solution model can be used as a design tool or can be used in 

observation-type approaches if coupled with advance monitoring systems. Chapter 6 and 7 provide the 

following major findings for the semi-analytical model that was created by the author:  

g. Chapter 6,  

o The sensitivity associated with numerically capturing the tunnel-face convergence for 

both unsupported and supported cases. The limitations of the current understanding of the 

convergence-confinement method was also illustrated;  
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o The improvement to Convergence-Confinement Method allowed for an accurate 

longitudinal displacement profile for when support is installed within two radii from the 

tunnel face; 

o The improvement to Convergence-Confinement Method captures the influence of 

support, excavation type, and installation location on the tunnel face convergence; and, 

o The improvement to convergence-confinement method captures the influence of support, 

excavation type, and installation location on the longitudinal arching effect, which 

applies additional load to the support system. 

h. Chapter 7, 

i. Disturbed ground parameters within the semi-analytical model allow for more accurate 

representation of the forepole displacement profile;  

ii. Boundary conditions of the semi-analytical model were investigated and it was found that 

the simplification of a fixed reaction point, which is commonly used in the tunnelling 

industry, was potentially able to capture the maximum moment. However, the fixed-

boundary condition was not able to capture the exact location or remaining displacement 

profile; 

iii. The impact of increasing the loading conditions across the entire support as well as 

decreasing the loading conditions within the region of the overlap of the forepole element 

was found to capture the displacement profile more accurately and to make it possible to 

capture an unknown ground condition ahead of the tunnel face within the unexcavated 

portion; 

iv. It was found that Terzaghi’s silo theory was not ideal for representing the loading 

conditions and that convergence-confinement method yielded a better representation of 

the numerical results. Investigating the longitudinal displacement profile approaches of 

both Vlachopoulos and Diederichs (2009) and Oke et al. (2013) found that the inclusion 
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of the support component (latter) was more ideal in representing the numerical analysis 

results; and, 

v. Employing the proposed improvement to the convergence-confinement method as a 

loading condition for the semi-analytical model allowed for more accurate representation 

of the actual ground conditions encountered, when compared to pre-existing analytical 

models.  

With the general layout of this thesis (Chapters 4 to 7) as a guideline, it is now possible to 

quantify the selection of the appropriate umbrella arch, the associated design parameters, and the 

mechanical response that will allow for both a successful and economical design.    

8.5 Recommendations and Future Work  

The recommendations based on the results, observations, experiences and conclusions of this 

investigation are listed below. 

a. To address the limitations of the continuum model solely used in this thesis, as suggested in 

Chapter 5 (Oke et al. 2014b), discontinuum modelling should be used when required for select 

ground-failure mechanisms where applicable;   

b. In-situ or field investigation was not within the scope of this thesis as the availability of these sort 

of investigations during tunnelling operations are quite limited;  Therefore it is recommended that 

to address the limitation of the empirical data, more case studies will need to be investigated, 

coupled with:  

i. In-situ measurements of the forepole element displacement profile, convergence of tunnel 

excavation, and (if applicable) surface subsidence; and,    

ii. Numerical modelling that is calibrated to the in-situ measurements, in order to further 

quantify the unknown factor that the systems are overdesigned in the stable cases; and, 
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c. Laboratory testing was outside the scope of this thesis as it is the focus of colleague within the 

same research group. The work presented within this thesis, and the laboratory testing of the 

colleague will complement one another, once both sets of work is finalized.  

Chapter 5 (Oke et al. 2014b) illustrates different numerical methods in order to capture mirco- and marco- 

design parameters for the umbrella arch support systems, specifically these with forepole elements. It is 

recommended that further work on these numerical models be carried out by parametric analysis. These 

findings should be developed into design charts for the design parameters. These design charts will make 

the overall design process more efficient and also more consistent. 

8.6 Published Contributions  

The scientific contributions developed as part of this thesis are represented in Chapter 4 to 7. Chapters 4 

and 5 have already been published and Chapter 7 has been submitted for publication. Chapter 6 is to be 

submitted.  All contributions made as part of this research are summarized below:  

8.6.1 Articles published in a Refereed Journal (2) 

Oke, J., Vlachopoulos, N., & Marinos, V. (2014a). Umbrella Arch Nomenclature and Selection 

Methodology for Temporary Support Systems for the Design and Construction of Tunnels. 

Geotechnical and Geological Engineering. 32(1):97-130. DOI 10.1007/s10706-013-9697-4  

 

Oke, J., Vlachopoulos, N., & Diederichs, M. (2014b). Numerical Analysis in the Design of Umbrella 

Arch Systems. Journal of Rock Mechanics and Geotechnical Engineering: Advanced Numerical Methods 

in Rock Engineering. 6 (6): 546–564 doi:10.1016/j.jrmge.2014.09.005 

8.6.2 Articles Submitted to a Refereed Journal (1) 

Oke, J., N .Vlachopoulos, and M.S Diederichs, Semi-Analytical Model for Umbrella Arch Systems in 

Squeezing Conditions (Submitted: June 2015) TUST-D-15-00289 
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8.6.3 Articles to be Submitted to a Refereed Journal (1) 

Oke, J., N .Vlachopoulos, and M.S Diederichs, Improvement to the Convergence-Confinement Method: 

Inclusion of support installation location and stiffness. Rock Mechanics and Rock Engineering 

(Submitted: May 2015) RMRE-D-15-00286 

8.6.4 Fully Refereed Conference Papers and Presentations (15) 

Oke, J., N .Vlachopoulos, and M.S Diederichs, 2015. Recent advances in the design and understanding of 

umbrella arch systems, ISRM, Montreal Canada.   

 

Oke, J., N .Vlachopoulos, and M.S Diederichs, 2014. Semi-Analytical Model of an Umbrella Arch 

Employed in Hydrostatic Tunnelling Conditions. American Rock Mechanics Association, June 2014. 

Minnesota, USA.  

 

Oke, J., N .Vlachopoulos, and I. Vazaios, 2014. The use of three dimensional numerical analysis 

procedures for the geotechnical analysis for design and construction of tunnel infrastructure. GeoRegina, 

Regina Canada  

 

Oke, J., N .Vlachopoulos, and M.S Diederichs, 2014. The Reduction of Surface Settlement by 

Employing Umbrella Arch Systems for Different Excavation Methods. EUROCK, International 

Symposium, May 2014, Vigo, Spain  

 

Oke, J., and N .Vlachopoulos 2014. Performance of Forepole Support Elements used in Tunnelling 

within Weak Rock Masses. International Association for Engineering Geology Congress, Torino, 

September 2014  
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Vlachopoulos, N. B, Forbes, J. Oke, and A. Hyatt, 2014. The Development of a Technique in order to 

Measure the Distributed Optical Sensing of a Forepole temporary support element employed within an 

Umbrella Arch System. EUROCK, International Symposium, May, Vigo, Spain. May 2014. 

 

Oke, J., N .Vlachopoulos, and M.S Diederichs, 2013. The Reduction of Surface Settlement Due to 

Underground Tunnel Construction by Employing Umbrella Arch Systems as Temporary Support 

Measures. GeoMontreal, Montreal Quebec, Canada.   

 

Vlachopoulos N., J. Oke, and M.S. Diederichs, Considerations Contributing to the Optimization of 

Overall Temporary Tunnel Support Strategies within Weak Rockmasses. American Rock Mechanics 

Association, June 2014. Minnesota, USA. 

 

Oke, J., Vlachopoulos, N., and M.S Diederichs, 2013. Modification of the Supported Longitudinal 

Displacement Profile for Tunnel Face Convergence in Weak Rock. American Rock Mechanics 

Association, June 2013. San Francisco, USA.  

 

Oke, J., Vlachopoulos, N., and M.S Diederichs, 2013. Pre-Support Nomenclature and Support Selection 

Methodology for Temporary Support Systems within Weak Rock Masses.  World Tunnelling Congress, 

May-June 2013, Geneva, Switzerland.  

 

Vlachopoulos N., P. Fortsakis, and J. Oke, 2013. Investigation into the Influence of Parallel Excavation 

of Twin Bored Tunnels within Weak Rock Masses. GeoMontreal, Montreal Quebec, Canada. 
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Oke, J.,  N.Vlachopoulos, and M.S Diederichs, 2012. Three-Dimensional Sensitivity Analysis of 

Forepole Support Elements for Underground Excavations in Weak Rock.  ARMA,  46th US Rock 

Mechanics / Geomechanics Symposium, June 2012, Chicago, USA  

 

Oke, J.,  N.Vlachopoulos, and M.S Diederichs, 2012. Determination of the Mechanistic Behaviour of a 

Forepole Support Element when Tunnelling within Weak Rock Masses. EUROCK, International 

Symposium, May 2012, Stockholm, Sweden  

 

Oke, J., N. Vlachopoulos, and M.S Diederichs, 2012. Improved Input Parameters and Numerical 

Analysis Techniques for Temporary Support of Underground Excavations in Weak rock. RockEng12, 

21st Canadian Rock Mechanics Symposium, May 2012, Edmonton, Alberta, Canada   

 

Paraskevopoulou, C., J. Oke, and N. Vlachopoulos, 2012. Practical modelling approaches to determine 

the long term behaviour of tunnel construction. Tunnelling and Underground Spaces: Sustainability and 

Innovations, October 2012, Montreal, Quebec, Canada. 

8.6.5 Refereed Conference Papers and Presentations 

Oke, J. 2013 Why Install Umbrella Arches in Tunneling Excavations? Canadian Young Geotechnical 

Engineers and Geoscientists Conference, October 2013, Mont Tremblant Que. 

 

Oke, J. 2012 Optimization of Modelling and Determination of Mechanistic Behaviour of Temporary 

Support Elements Associated with Tunnelling within Weak Rock Masses, ASERC Advances in earth 
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Hoek, E., Carranza-Torres, C., Diederichs, M., & Corkum, B. (2008). The 2008 kersten lecture: 

Integration of geotechnical and structural design in tunneling. University of Minnesota 56th 

Annual Geotechnical Engineering Conference. Minneapolis. 1-53 
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Appendix A 

Umbrella Arch Nomenclature  

Table A 1: Summary of the terminology of the umbrella arch method, elements (3), and sub-

categories (11) 
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Appendix B 

Tunnel Behaviour Type and Chart (V. Marinos 2013) 

 

Figure B 1: Brief description and schematic presentation of tunnel behaviour types (modified from 

Marinos and Tsiambaos 2010) (V. Marinos 2013). Based on data from Schubert et al. 2003, 

Terzaghi 1946 and from the Marinos (2013). Photos from the author except for ‘‘Sq’’ from E. Hoek 

(personal communication) and for ‘‘San’’ from Seingre 2005 
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Figure B 2: Tunnel behaviour chart (TBC): an assessment of rock mass behaviour in tunnelling 

(modified fromMarinos and Tsiambaos 2010 
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Appendix C 

List of Case Studies Used Within the Empirical Database 

E
a

rl
ie

st
 D

a
te

  

Publication(s) Title 

Tunnel 

Name C
o

u
n

tr
y

 

Referenced 

Nomenclature  

Umbrella Arch 

Nomenclature  Comments 

1
9
6
4
 

Proctor and White (1964)   

 

Spiles Sp Reference came from 

another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located  

1
9
7
6
 

Fasoli and Pastore (1976)  Il Bricco 

It
al

y
 

 Fp Reference came from 

another publication 
(Crarrieri et al. 1991). 

Actual Reference was 

not able to be located 

1
9
7
6
 

Piepoli (1976),   

Associazione geotecnica 

Italiana (1979) 

?  

 recent tunnelling experiences in italy  

Saint Bernardino 

It
al

y
 

 FpGUA First reference came 

from another publication 

(Crarrieri et al. 1991). 
Actual Reference was 

not able to be located 

1
9
7
8
 Jorge and Mouxaux (1978) Prevention of accidents in difficult tuneling 

conditions by means of specialized techniques such 

as grouting, drainage, umbrella arch methods 

Paris Metro 

F
ra

n

ce
 

Umbrella Arch 
Technique 

Fp  

1
9
7
8
 

Jorge and Mouxaux (1978) Prevention of accidents in difficult tuneling 

conditions by means of specialized techniques such 

as grouting, drainage, umbrella arch methods 

Marseilles Metro 

F
ra

n
ce

 Umbrella Arch 

Technique 

?  

1
9
7
8
 

Jorge and Mouxaux (1978) Prevention of accidents in difficult tuneling 
conditions by means of specialized techniques such 

as grouting, drainage, umbrella arch methods 

Atami no. 1 
tunnel - 

Shinkansen 

Super Express 
rail network Ja

p
an

 

Umbrella Arch 
Technique 

Fp  

1
9
7
8
 

Jorge and Mouxaux (1978) Prevention of accidents in difficult tuneling 
conditions by means of specialized techniques such 

as grouting, drainage, umbrella arch methods 

Shin Kannon 
undersea tunnel - 

Shinkansen 

Super Express 
rail network Ja

p
an

 
Umbrella Arch 
Technique 

Fp  
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1
9
7
8
 

Restelli (1978),  

 

 
 

Associazione Geotecnice 

Italiana (1979?) 

Chemical grouting treatment to allow the excavation 

of tunnels in rocks affected by infiltrations of toxic 

gas under pressure,  
 

Recent Tunnelling experiences in italy 

Messina-Palermo 

motor-way 

tunnel (Capo 
Calava tunnel) 

It
al

y
 

Grouting GcUA  
1

9
7
8
 

Fujita et al. (1978) Excavation of tunnel through fractured zone with 

large quantity and high head of ground water 

? 

Ja
p
an

 pipe roofing method Fp  

1
9
7
8
 

Niwa (1978) Construction of Railway Trunk line tunnels under 

Major cities using the shield method 

? 

Ja
p
an

 

Shield Method ?  

1
9
8
1
 

John (1981) Application of the new austrian tunneling method 

under various rock conditions  

Lebenberg 

Tunnel (30-50m 
overburden) 

? 

injected steel pipes Sp  

1
9
8
1
 

John (1981) Application of the new austrian tunneling method 

under various rock conditions  

Lebenberg 

Tunnel (15-30m 

overburden) 

? 

injected steel pipes Sp  

1
9
8
1
 John (1981) Application of the new austrian tunneling method 

under various rock conditions  

Dalaaser Tunnel 

? 

injected steel pipes Sp  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 

Merone 

It
al

y
  FpGUA  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 

Serre la Voute 

It
al

y
  FpGUA  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 

Spallanzani 

It
al

y
  Fp  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 

Cernobbio 

It
al

y
  FpGUA  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 
Flumelatte 

It
al

y
  FpGUA  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 

Delle Tanze 
It

al
y
  FpGUA  

1
9
8
2
 Barisone et al. (1982) Umbrella arch method for tunnelling in difficult 

conditions-analysis of italian cases 

Pietratagliata 

It
al

y
  FpGUA  
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1
9
8
9
 

Barisone et al. (1989), 

Carrieri et al. (1991) 

?  

ten years of experience in the use of umbrella-arch 

for tunneling 

Ramat 

It
al

y
 

 FpCUA First reference came 

from another publication 

(Crarrieri et al. 1991). 
Actual Reference was 

not able to be located 

1
9
8
9
 

Pelizza et al. (1989) Rapid umbrella-arch excavation of a tunnel in 
cohesionless material under an archaeological site 

Ramat Tunnel 
(this info 

disagrees with 

Carrieri et al. 
1991) It

al
y
 

grouted umbrella-arch  FpGoUA (mostly 
based on Fig. 3, 

could be FpGcUA) 

 

1
9
8
9
 Pelizza et al. (1989) Rapid umbrella-arch excavation of a tunnel in 

cohesionless material under an archaeological site 

Giaglione 

Tunnel 

It
al

y
 ? ?  

1
9
9
0
 Stella et al. (1990) Temporary Tunnel Support Using Jet-Grouted 

Cylinders 

Monte Olimpino 

2 

It
al

y
 Jet grouting support GcUA  

1
9
9
0
 

Eusebio et al. (1990),  

Carrieri et al. (1991) 

?,  

ten years of experience in the use of umbrella-arch 

for tunneling 

La Perosa 

It
al

y
 

 Fpd First reference came 

from another publication 

(Crarrieri et al. 1991) . 
Actual Reference was 

not able to be located 

1
9
9
0
 

Mahtab and Grasso (1992),  

 
Grasso et al. 1990,  

Carrieri et al. (1991) 

Geomechanics Principles in the Design of Tunnels 

and Caverns in Rocks 
 ?  

ten years of experience in the use of umbrella-arch 
tunneling 

Serena Tunnel 

(La Spezia link) 
Va support 

It
al

y
 

umbrella arches of steel 

pipes 

Fp Second reference came 

from another publication 
(Crarrieri et al. 1991). 

Actual Reference was 
not able to be located 

1
9
9
0
 

Societa Italiana Gallerie 
(1991),  

Carrieri et al. (1990) 

Tunnelling in Italy,  
 

Ground improvement for rapid advance of Lonato 

Road Tunnel near Verona, Italy 

San Zeno - 
Verona Portal 

(part of the 

Lonato Tunnel) 

It
al

y
 

subhorizontal insertion 
of a series of reinforced 

micropiles 

FpGcUA  

1
9
9
0
 Grasso et al. (1990) On the diverse geotechnical and tunnel construction 

problems in the La Spezia-parma rail link in Italy 

La Spezia link 

(Scorza) 

It
al

y
 

umbrella arch ?  

1
9
9
0
 Grasso et al. (1990) On the diverse geotechnical and tunnel construction 

problems in the La Spezia-parma rail link in Italy 

La Spezia link 

(Termo) 

It
al

y
 umbrella arch ?  

1
9
9
0
 Societa Italiana Gallerie 

(1991), Eusebio et al. (1990) 

Tunnelling in Italy La Perosa 

Tunnel 
It

al
y
 valved pipe umbrella Fp?  

1
9
9
1
 

Mahtab and Grasso (1992),  

 

Crarrieri et al. (1991),  
 

Pelizza and peila (1993),  

Geomechanics Principles in the Desgin of Tunnels 

and Caverns in Rocks,  

Ten years of experience in the use of umbrella-arch 
tunneling  

Soil and Rock reinforcements in Tunnelling,  

Lonato Tunnel 

(has the San 

Zero Portal)  

It
al

y
 

subhorizontal umbrella 

pipes 

FpGcUA  
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1
9
9
1
 Carrieri et al. (1991) ten years of experience in the use of umbrella-arch 

for tunneling 

Chabodey 

It
al

y
  Fpd  

1
9
9
1
 Carrieri et al. (1991) ten years of experience in the use of umbrella-arch 

for tunneling 
Chabodey - 
access audit 

It
al

y
  Fp  

1
9
9
1
 Carrieri et al. (1991) ten years of experience in the use of umbrella-arch 

for tunneling 

Ceresole 

It
al

y
  Fpd  

1
9
9
1
 

Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Cels Tunnel 

It
al

y
 

subhorizontal metal 

pipes that form an 

Umbrella Arch 

?  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Milan 

underground 

Railway It
al

y
 horizontal micropiles and 

jet-grouting 

?  

1
9
9
1
 

Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy San Vittore - San 

Pietro Infine 
Tunnel 

It
al

y
 

umbrella Fp  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Leverogne 

Tunnel (mt. 
Bianco side) It

al
y
 subhorizontal jetting 

columns in the extrados 

G  

1
9
9
1
 

Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy San Ambrogio 

Tunnel 

It
al

y
 

horizontal steel-piling 

provided with valves 
every 0.3m for close 

control of the cement 

grout 

?  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Terranova-Le 

Ville Tunnel 

(portal) It
al

y
 subvertical jet-grouting G  

1
9
9
1
 

Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Disueri Dam 

Discharge 
Tunnels (center 

of tunnel) It
al

y
 

umbrella of injections, 

with micropiles in a 
double row 

?  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy San Elia Tunnel 

(west portal-
failed!) It

al
y
 horizontal columns of 

jet-grouted soil 

G  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy San Elia Tunnel 

(west portal-

fixed) It
al

y
 cement injection through 

valved sttel pipes, 

radially placed 

?  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Carbonara 

Tunnel 

It
al

y
 cement injection and 

placement of steel pipes 

?  

1
9
9
1
 Societa Italiana Gallerie 

(1991) 

Tunnelling in Italy Villaret Tunnel 

It
al

y
 umbrella of steel 

micropiles 

?  



 

  

 

265 

1
9
9
1
 

Barla et al. (1991),  

Pelizza and pelia (1993)  

  

Soil and Rock Reinforcements in Tunnelling  

 

 

jet-grouting arch GcUA First reference came 

from another publication 

Pelizza and pelia (1993). 
Actual Reference was 

not able to be located 

and in Italian.  

1
9
9
3
 

Lee and Kim (1993)   

 

Grouting G Reference came from 

another publication. 

Actual Reference was 
not able to be located 

1
9
9
3
 

Lee and Kim (1993)   

 

Jet grouting G Reference came from 

another publication. 

Actual Reference was 
not able to be located 

1
9
9
3
 

Kim et al. (1993)   

 

Horizontal Jet Grouting 

roofing 

G Reference came from 

another publication. 
Actual Reference was 

not able to be located 

1
9
9
3
 

Kim et al. (1993)   

 

Horizontal Jet Grouting 
roofing 

G Reference came from 
another publication. 

Actual Reference was 

not able to be located 

1
9
9
3
 

Pelizza and pelia (1993)  Soil and Rock Reinforcements in Tunnelling  ? 

 

pipe umbrella ?  

1
9
9
3
 Pelizza and pelia (1993)  Soil and Rock Reinforcements in Tunnelling  ? 

 

 Fp  

1
9
9
4
 

Kim (1994)   

 

Cement Grouting G Reference came from 

another publication. 
Actual Reference was 

not able to be located 

1
9
9
4
 Kotake et al(1994) Design for umbrella method based on numerical 

analyses and field measurements 
Shoryou tunnel: 
Es R44 

 

umbrella method GcUA  

1
9
9
4
 Kotake et al(1994) Design for umbrella method based on numerical 

analyses and field measurements 

Shoryou tunnel: 

Es R30 

 

umbrella method GcUA  

1
9
9
4
 Kotake et al(1994) Design for umbrella method based on numerical 

analyses and field measurements 

Shoryou tunnel: 

Es R23 
 

umbrella method GcUA  

1
9
9
4
 Kotake et al(1994) Design for umbrella method based on numerical 

analyses and field measurements 

Shoryou tunnel: 

Es 2 

 

umbrella method SpGUA  
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1
9
9
5
 

Kim et al. (1995)   

 

SPRMS Grouting  G Reference came from 

another publication. 

Actual Reference was 
not able to be located 

1
9
9
5
 

Soletanche bachy (1995) La douchere Tunnel Lyons Northern Ring Road La douchere 

Tunnel Lyons 

Northern ring 
road F

ra
n

ce
 

Horizontal Jet FpGdcUA  

1
9
9
5
 

Soletanche bachy (1995) Geotechnical works associated with the construction 

of a major underground station for the Signapore 

MRT North East Line  

Singapore MRT 

North East Line 

S
in

g
ap

o
re

 Pipe Pile Roof ? - Might be outside 

the definition (the 

pipes might just 
span the trouble 

region.  

 

1
9
9
8
 Harazaki et al. (1998) Field Observation of large tunnel supported by 

umbrella method: Case of Maiko Tunnel in Kobe, 

Japan 

Maiko Tunnel 

Ja
p
an

 umbrella forepile FpGcUA  

1
9
9
8
 Harazaki et al. (1998) Field Observation of large tunnel supported by 

umbrella method: Case of Maiko Tunnel in Kobe, 

Japan 

Maiko Tunnel 

Ja
p
a

n
 

umbrella forepile FpGcUA  

1
9
9
9
 Gioda and Locatelli (1999) Back analysis of the measurements performed 

during excavation of a shallow tunnel in sand 

Monteolimpino 2 

tunnel 

it
al

y
-

sw
it

z

er
la

n

d
  

Sub-horizontal columns 

of jet-grouting 

GcUA  

1
9
9
9
 

Hoek (1999),  

 
Peila and Pelizza (2003),  

 

Sharma et al (2008) 

Putting numbers to geology - an engineer's 

viewpoint,  
Ground reinforcing and steel pipe umbrella system 

in tunnelling,  

Challenges in design and contruction of HRT of 

NATHpa Jhakri hydroelectric project (1500 mx) _ a 

case study 

Nathpa Jhakri 

Hydroeletric 
Project 

H
im

ac
h

el
 

P
ra

d
es

h
, 
In

d
ia

 

long umbrella of grouted 

pipe forepoles 

FpGUA  

1
9
9
9
 

Shin (1999)   

 

Umbrella Arch Fp Reference came from 

another publication 
(Tuncdemir et al. 2012). 

Actual Reference was 

not able to be located 

2
0
0
1
 

Wittke (2001), 

Wittke (2006),  

 
Habil and Wittke (2009) 

?,  

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design,  
Conventional Tunneling in soft ground in urban 

areas - risks and chances 

Osterfeld tunnel 

G
er

m
an

y
  pipe umbrella FpGUA First reference came 

from another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

2
0
0
1
 

Yang, et al, (2001),  

 
C.B.Shin (2006),  

 

Kim (2008) 

Ground reinforcement for a tunnel in weathered soil 

layer beneath Han riverbed in Korea,  
Construction of Double Track Subway Tunnel in the 

Alluvial Soils with Shallow Overburden,  

Some experience from the soft ground tunnelling in 
urban area 

Seoul Subway 

Line 5 

K
o

re
a 

Forepoling used 3 methods at 

once  
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2
0
0
1
 

Yang, et al, (2001),  

 

C.B.Shin (2006), 
 

 Kim (2008) 

Ground reinforcement for a tunnel in weathered soil 

layer beneath Han riverbed in Korea,  

Construction of Double Track Subway Tunnel in the 
Alluvial Soils with Shallow Overburden,  

Some experience from the soft ground tunnelling in 

urban area 

Seoul Subway 

Line 5 

K
o

re
a 

Grout (Urethane) used 3 methods at 

once 

 
2

0
0
1
 

Yang, et al, (2001), 

 
C.B.Shin (2006),  

 

Kim (2008) 

Ground reinforcement for a tunnel in weathered soil 

layer beneath Han riverbed in Korea,  
Construction of Double Track Subway Tunnel in the 

Alluvial Soils with Shallow Overburden,  

Some experience from the soft ground tunnelling in 
urban area 

Seoul Subway 

Line 5 

K
o

re
a 

Pipe roof used 3 methods at 

once 

 

2
0
0
2
 

Gibbs et al (2002) M5 East - Design of a shallow soft ground shotcrete 
motorway 

M5 East Tunnels 

S
y

d
n

ey
, 

A
u

st
ri

al

a 

Grouted steel pipe 
canopy(micro tunnled 

pipe canopy and jet 

grouting)  

?  

2
0
0
2
 

Wang and Huang (2002) An experience of tunneling in musstone area in 

southwestern Taiwan 

The pressure 

tunnel of 
Wushantou 

Reservoir  

S
o

u
th

w
es

te
rn

 

T
ai

w
an

 

Forepole (plates! Both 

wood and steel!) 

Sp  

2
0
0
2
 

Wang and Huang (2002) An experience of tunneling in musstone area in 
southwestern Taiwan 

Lantan Tunnel 
(completed 

2001) 

S
o

u
th

w
es

te
rn

 

T
ai

w
an

 

Pipe roof Fp  

2
0
0
2
 John and Mattle 2002 Design of Tube Umbrellas Lange Issel 

Tunnel 

? 

tube umbrellas FpGUA  

2
0
0
2
 John and Mattle 2002 Design of Tube Umbrellas Stammham 

tunnel 

? 

tube umbrellas FpGUA  

2
0
0
2
 John and Mattle 2002 Design of Tube Umbrellas Euerwang tunnel 

? 

tube umbrellas FpGUA  

2
0
0
2
 John and Mattle 2002 Design of Tube Umbrellas Euerwang tunnel 

? 

forepoles with jet-
grouting 

Fp? Go or GC   

2
0
0
2
 John and Mattle 2002 Design of Tube Umbrellas Irlahull tunnel 

? 
tube umbrellas FpGUA   

2
0
0
2
 

Sellner et al. (2002) advanced analysis and prediction of displacements 
and system behaviour in tunnelling 

Unterwald 

A
u

st
ri

a 

Steel pipe umbrellas Fp?   
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2
0
0
3
 Kimura et al (2003-05) Application of new urban tunneling method in 

Baikoh tunnel excavation 

Baikoh tunnel 

? 

Long steel span 

forepiling 

FpGUA  
2

0
0
3
 Kimura et al (2003-05) Application of new urban tunneling method in 

Baikoh tunnel excavation 
Baikoh tunnel 

? 

Long steel span 
forepiling 

FpGcUA  

2
0
0
3
 

Pichler et al (2003),  

 

Pichler et al,(2004) 

Thermochemomechanical Assessment of Ground 

Improvement by Jet Grouting in Tunneling, 

Optimization of jet-grouted support in NATM 
tunnelling 

Underground 

station 

"Taborstraβe" 

A
u

st
ri

a 

Jet-grouted columns GcUA  

2
0
0
4
 

Haruyama, et al. (2004) Construction of large cross-section double-tier 

Metropolitan Inter-city Highway (ken-O-Do) Ome 
Tunnel by NATM 

Ome Tunnel 

(Ken-O-Do) 

Ja
p
an

 Long span steel pipe 

fore-piling 

FpGUA  

2
0
0
4
 

Volkman (2004),   

 
Volkmann and Schubert 

(2006),  

Czopak (2004)  
Volkmann (2003) 

A Contribution to the Effect and Behavior of Pipe 

Roof Supports,  
CONTRIBUTION TO THE DESIGN OF 

TUNNELS WITH PIPE ROOF SUPPORT,  

Birgl-und Kenlachtunnel,  
Rock mass- pipe support interaction…  

Birgltunnel 

A
u

st
ri

a 

Pipe roof umbrella FpGUA  

2
0
0
4
 

Likar, et al (2004),  
 

 

Volkmann (2004),  
 

Volkmann et al (2006)  

New Evaluation Method inPipe Roof Supported 
Tunnels and its Influence on Design during 

Construction,  

A Contribution to the Effect and Behavior of Pipe 
Roof Supports,  

A Contribution to the Design of Tunnels Supported 

by a Pipe Roof. 

Trojanetunnel 

S
lo

v
en

ia
 

Pipe roof umbrella FpGUA  

2
0
0
4
 

Coulter and Martin (2005),  

 

Coulter and Martin (2004) 

Effect of jet-grouting on surface settlements above 

the Aeschertunnel, Switzerland,  

Ground Deformation Above a Large Shallow Tunnel 
Excavated Using Jet Grouting 

Aeschertunnel  

S
w

it
ze

r

la
n

d
 

sub-horizontal jet-grout 

columns (jet-grout arch 

umbrella) 

GcUA  

2
0
0
4
 Croce et al. (2004) Jet-grouting Performance in tunnelling  Les Cretes 

Tunnel 

It
al

y
 Canopy Technique: Jet 

columns 

G  

2
0
0
4
 Croce et al. (2004) Jet-grouting Performance in tunnelling  GNF2 Tunnel 

It
al

y
 Jet columns ? G and Steel used  

2
0
0
4
 

Bizjak and Petkovsek (2004) Displacement analysis of tunnel support in soft rock 
around a shallow highway tunnel at Golovec 

Golovec Tunnel 
(worse 

conditions) 

S
lo

v
en

ia

n
 

Pipe-roofing FpdGUA  

2
0
0
4
 

Bizjak and Petkovsek (2004) Displacement analysis of tunnel support in soft rock 

around a shallow highway tunnel at Golovec 

Golovec Tunnel 

(better 

conditions) 

S
lo

v
en

ia

n
 

Pipe-roofing SpGUA  
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2
0
0
4
 

Choi and  Shin (2004) Stability analysis of a tunnel excavation in a weak 

rock mass and the optimal supporting system 

HB Tunnel 

? 
K

o
re

a 
? Forepoleing  Sp  

2
0
0
4
 

Choi and  Shin (2004) Stability analysis of a tunnel excavation in a weak 
rock mass and the optimal supporting system 

HB Tunnel 

? 
K

o
re

a 
? Umbrella Arch method FpGcUA  

2
0
0
4
 

Czopak (2004) Birgl-und Kenlachtunnel Kenlach tunnel 
7A 

A
u

st
ri

a 
 pipe-roofing ?  

2
0
0
5
 

Usta (2005)  Istanbul Metro 

 

Umbrella Arch ? Reference came from 

another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

2
0
0
5
 

Kontothanassis et al (2005) Design and construction of NATM underground 
station tunnel by using the forepoling method in 

difficult conditions for Athens Metro  

Agios Savas 
underground 

complex (Athens 

Metro) G
re

ec
e 

Forepoling method Fp  

2
0
0
5
 

Aykar et al (2005) Tunnel excavation works in Taksim-Kabatas 

funicular system project 

Taksim - 

Kabatas 
Funciular system 

T
u

rk
ey

 Umbrella Arch FpGUA  

2
0
0
5
 

Aykar et al (2005) Tunnel excavation works in Taksim-Kabatas 

funicular system project 

Taksim - 

Kabatas 

Funciular system 

T
u

rk
ey

 forepoling Sp  

2
0
0
6
 

Yoo and Kim (2006) Stability of soft grount tunnelling in urban 
environment - a numerical investigation 

Seoul Subway 
Line 9 

(construction lot 

912, Section C: 
under pile 

foundation) K
o

re
a 

Pipe umbrella +jet 
grouting 

Used both methods  

2
0
0
6
 

Yoo and Kim (2006) Stability of soft grount tunnelling in urban 
environment - a numerical investigation 

Seoul Subway 
Line 9 

(construction lot 

912, Section C: 
under pile 

foundation) K
o

re
a 

Forepoling Used both methods  

2
0
0
6
 

Trinh, Borch, and Lu (2006), 

(2007), (2010)  

Three, Dimesonional modelling of a tunnel cave-in 

and spiling solt support, Analyses of a cave-in 
problem in a hydropower... ,2D versus 3D modelling 

for funnelling at a weakness zone 

Buon Kuop 

hydropower 
project 

V
ie

tn
a

m
 

Spiles SpCUA  
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2
0
0
6
 

Varol and Dalgic (2006)   

 

 ? Reference came from 

another publication. 

Actual Reference was 
not able to be located 

2
0
0
6
 

Kusku (2006) - not in english   Istanbul Metro 

 

Umbrella Arch ? Reference came from 

another publication 
(Tuncdemir et al. 2012). 

Actual Reference was 

not able to be located 

2
0
0
6
 

Via (2006) High Pressure jet grouting for a collapsed tunnel - a 
case study 

Hukou tunnel 
(north collapse) 

T
ai

w
an

 Jet grouting sub-
horizontal 

FpGdcUA  

2
0
0
6
 

Via (2006) High Pressure jet grouting for a collapsed tunnel - a 

case study 

Hukou tunnel 

(south collapse) 

T
ai

w
an

 Jet grouting sub-

horizontal 

FpGdcUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Gaubahn tunnel  

G
er

m
an

y
  Composite pile Umbrella FpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 
(2006) 

New Austrian Tunneling Method (NATM) Stability 
Analysis and Design 

Glockenberg 
Tunnel 

G
er

m
an

y
  Advance Support - 

Cemented Spiles 
SpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006),  
Habil and Wittke (2009) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design,  
Conventional Tunneling in soft ground in urban 

areas - risks and chances 

Bonn-Bad 

Godesberg 
Tunnel 

G
er

m
an

y
  Jet grouting columns GcUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 
(2006) 

New Austrian Tunneling Method (NATM) Stability 
Analysis and Design 

Hellenberg 
Tunnel (support 

6A-1) 

G
er

m
an

y
  mortar spiles SpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Hellenberg 

Tunnel (support 

6A-2) 

G
er

m
an

y
  mortar spiles SpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Elite Tunnel 
Is

re
al

 
pipe umbrella  FpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 
(2006) 

New Austrian Tunneling Method (NATM) Stability 
Analysis and Design 

Stuttgart City 
railway tunnel 

G
er

m
an

y
  mortar spiles ?  
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2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006),  

Wawrzyniak (2011) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design,  

Technical challenges of high-speed rail tunnels in 
germany 

Limburg Tunnel 

G
er

m
an

y
  spiles Sp  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Niedernhausen 

Tunnel 7A-U-0 

(support length 
in the rock mass 

>1m) G
er

m
an

y
  

spiles SpCUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Niedernhausen 

Tunnel 7A-U-0 

(support length 
in the rock mass 

>1m) G
er

m
an

y
  

spiles SpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Niedernhausen 

Tunnel 7A-U-1 

(support length 
in the rock mass 

>1m) G
er

m
an

u
 

spiles SpCUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Niedernhausen 

Tunnel 7A-U-1 
(support length 

in the rock mass 

>1m) 

G
er

m
an

u
 spiles SpGUA  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Niedernhausen 

Tunnel 

G
er

m
an

y
  forepole umbrella arch Fp  

2
0
0
6
 

Wittke, Pierau and Erichsen 

(2006) 

New Austrian Tunneling Method (NATM) Stability 

Analysis and Design 

Killesberg-

Masse 

G
er

m
an

y
  jet grouting columns GcUA  

2
0
0
6
 

Lee et al. (2006)  Design and Construction of the Geum Ho Riverbed 
Tunnel in the 2nd Dae Gu Subway Construction 

Project, A Case Study 

Geum Ho 
Riverbed Tunnel 

K
o

re
a 

Umbrella Arch method ?  

2
0
0
7
 

Yuksel & Anoglu (2007)   

 

Umbrella Arch ? Reference came from 

another publication 
(Tuncdemir et al. 2012). 

Actual Reference was 

not able to be located 

2
0
0
7
 

Ascioglu (2007) Analysis of Support design Practice at Almalik 

portals of Bolu Tunnel 

Bolu Tunnel 

(Elmalik Portal) 

(started in 1994) 

T
u

rk
ey

 

Forepoling 1 Sp  



 

  

 

272 

2
0
0
7
 

Ascioglu (2007) Analysis of Support design Practice at Almalik 

portals of Bolu Tunnel 

Bolu Tunnel 

(Elmalik Portal) 

(started in 1994) T
u

rk
ey

 Forepoling 2 Fp  
2

0
0
7
 Vardakos (2007)  Back-analysis Methods for Optimal Tunnel Design Heshang tunnel 

 

Forepoling umbrella SpGUA  

2
0
0
8
 

Yoo et al. (2009), Yoo et Kim 

(2008) 

Tunnelling-induced ground settlements in a 

groundwater drawdown environment - a case study 

Seoul Subway 

Line 9 (between 

station 902 and 
903) K

o
re

a 

Pipe umbrella + pre-

grouting (pipe) 

Used all three 

methods 

 

2
0
0
8
 

Yoo et al. (2009), Yoo et Kim 

(2008) 

Tunnelling-induced ground settlements in a 

groundwater drawdown environment - a case study 

Seoul Subway 

Line 9 (between 
station 902 and 

903) K
o

re
a 

Pipe umbrella + pre-

grouting (spile) 

Used all three 

methods 

 

2
0
0
8
 

Yoo et al. (2009), Yoo et Kim 

(2008) 

Tunnelling-induced ground settlements in a 

groundwater drawdown environment - a case study 

Seoul Subway 

Line 9 (between 
station 902 and 

903) K
o

re
a 

Pipe umbrella + pre-

grouting (grout) 

Used all three 

methods 

 

2
0
0
8
 

Gumus (2008)   

 

Umbrella Arch ? Reference came from 
another publication 

(Tuncdemir et al. 2012). 

Actual Reference was 
not able to be located 

2
0
0
8
 

Ocak (2008) Control of surface settlements with umbrella arch 

method in second stage excavations of Istanbul 
Metro 

Unkapani and 

Yenikapi 
(Istanbul Metro) 

Is
ta

n
b
u

l 

M
et

ro
 

b
et

w
ee

n
 

U
n

k
ap

a

n
i 

an
d
 

Y
en

ik
ap

i 

Umbrella Arch FpGUA  

2
0
0
8
 

Kim (2008) Some experience from the soft ground tunnelling in 

urban area 

Seoul Subway 

Line 9 

(construction lot 
912, Banpo 

stream) K
o

re
a 

jet grouting piles FpGdcUA  

2
0
0
8
 

Kim (2008) Some experience from the soft ground tunnelling in 

urban area 

Seoul subway 

Line 9 
(construction lot 

906) 

K
o

re
a 

multi step pipe grouting 

technique 

FpGoUA (Maybe 

FpGtoUA support 
is installed every 

4m)  

 

2
0
0
8
 

Volkmann and Krennl (2009),  
 

Krenn et al (2008) 

Back-Calculated Interacting Loads on Pipes of Pipe 
Umbrella Support Systems.Shallow Tunneling in 

Soft Ground – Influence of the chosen Support 

System on the System Behaviour 

Tunnel Vomp - 
Terfens 

G
er

m
an

y
/I

ta
ly

 pipe umbrella system FpGUA  
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2
0
0
8
 

Zhang, Yang, and Gou 

(2010),  

Yang, Gou and Zhang (2008) 

A shell Model for a Pipe Roof Reinforcement 

Analysis in Shallow Tunnel,  

Field Measurements and Numerical Analysis of 
Double-layer Pipe Roof Reinforcement in a Shallow 

Multiarch Tunnel 

Tujiangchong 

Tunnel 

 

Double-layer pipe roof FpGdcUA  
2

0
0
8
 DSI (2012)  (DSI pg 16) Algiers Metro 

(new) 

 

Pipe umbrella ?  

2
0
0
8
 

Fillibeck and Vogt (2008),  

 

 
Fillibeck and Vogt (2009) 

ADECO full-face tunnel excavation of two 260m2 

tubes in clay with sub-horizontal jet-grouting under 

minimal urban cover,  
Shotcrete Excavation for the muncih subway - 

comparison of different methods of face support in 

settlement sensitive areas 

Munich Subway 

tunnels - W4 - 

U3 North -1  

G
er

m
an

y
 

Jet-Grouting Cover GcUA  

2
0
0
8
 

Krenn et al 2008 Shallow Tunnelling in Soft Ground - influence of 

the Chosen Support System on the System behaviour 

Tunnel Vomp - 

Terfens 

G
er

m
an

y
-I

ta
ly

 

double layered pipe roof 

umbrella 

FpdGUA  

2
0
0
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Krenn et al 2008 Shallow Tunnelling in Soft Ground - influence of 
the Chosen Support System on the System behaviour 

Tunnel Vomp - 
Terfens 

G
er

m
an

y
-I

ta
ly

 forepoling with spiles SpGUA  

2
0
0
8
 

Fillibeck and Vogt (2008),  

 

 
Fillibeck and Vogt (2009) 

ADECO full-face tunnel excavation of two 260m2 

tubes in clay with sub-horizontal jet-grouting under 

minimal urban cover,  
Shotcrete Excavation for the muncih subway - 

comparison of different methods of face support in 
settlement sensitive areas 

Munich Subway 

tunnels - W1 - 

U3 North -1  

G
er

m
an

y
 

Pipe Screen FpGUA  

2
0
0
8
 

Mustapha and Ramdan 

(2008) 

some Algiers experience on measurement and 

evaluation of settlement around urbane tunnel 
reinforced with jet grouting  

Algiers Metro 

(old) 

 

jet grouting method GcUA  

2
0
0
9
 

Palla and Leitner (2009), 
 

Trunk and Winkler (2013) 

Application of jet grouting on the various contracts 
in the lower Inn valley,  

Jet-grouting in tunnelling 

Fritzen Tunnel 
H7-1 

G
er

m
an

y
  

Horizontal jet-grouted 
columns 

G   
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Aksoy, et al (2009), 

Tuncdemir et al (2012) 

?,  

Umbrella arch and forepole support methods: a 

comparison 

  Umbrella Arch ? First reference came 

from another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

2
0
0
9
 

Yeo et al (2009) Three dimensional numerical modelling of a NATM 

tunnel 

Fort Canning 

tunnel 

S
in

g
ap

o
re

 Steel Pipe umbrella 

method (perforations) 

FpGUA  

2
0
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 Zhang and Kang (2009) Interaction of pipe-roof Reinforcement and Tunnel 

Construction under Existing Highway 
Liuyanghe 
Tunnel 

C
h
in

a 

Pipe-Roof FpGUA  

2
0
0
9
 

Payir (2009) - not in english, 

Tuncdemir et al (2012) 

?,  

Umbrella arch and forepole support methods: a 

comparison 

Istanbul Metro : 

Unkapant-

Yenikapt 

T
u

rk
ey

 

Umbrella Arch Fp First reference came 

from another publication 

(Tuncdemir et al. 2012). 

Actual Reference was 
not able to be located 

and is not written in 

English 

2
0
0
9
 

Payir (2009) - not in english, 

Tuncdemir et al (2012) 

?,  

Umbrella arch and forepole support methods: a 

comparison 

Istanbul Metro : 

Unkapant-

Yenikapt 

T
u

rk
ey

 

Umbrella Arch Fp First reference came 

from another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

and is not written in 
English 

2
0
0
9
 

Payir (2009) - not in english, 

Tuncdemir et al (2012) 

?,  

Umbrella arch and forepole support methods: a 

comparison 

Istanbul Metro : 

Unkapant-

Yenikapt 

T
u

rk
ey

 

Forepoling Sp First reference came 

from another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

and is not written in 
English 

2
0
0
9
 

Payir (2009) - not in english, 

Tuncdemir et al (2012) 

?,  

Umbrella arch and forepole support methods: a 
comparison 

Istanbul Metro : 

Unkapant-
Yenikapt 

T
u

rk
ey

 

Forepoling Sp First reference came 

from another publication 
(Tuncdemir et al. 2012). 

Actual Reference was 

not able to be located 
and is not written in 

English 

2
0
0
9
 

Suzen (2009)   
 

Forepoling ? Reference came from 

another publication 
(Tuncdemir et al. 2012). 

Actual Reference was 
not able to be located 
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Suzen (2009)   

 

Umbrella Arch ? Reference came from 

another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

2
0
0
9
 Poli, et al (2009) low overburden underpass in urban area without 

traffic limitations - some examples 
Montegrosso 
south portal 

It
al

y
 Pipe roof by means of 

steel micropiles 
Fp  

2
0
0
9
 

Poli, et al (2009) low overburden underpass in urban area without 

traffic limitations - some examples 

western portal in 

red mined tunnel 

? 

forepoling by means of 

steel micropiles (pipe 
roof support) 

Fp  

2
0
0
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Poli, et al (2009) low overburden underpass in urban area without 
traffic limitations - some examples 

Menaggio tunnel 

It
al

y
 

umbrella arch, jet-
grouting sub-horizontal 

columns and steel 

micropiles 

Fp  

2
0
0
9
 

Wang, JIA, and KANG 
(2009) 

Analytical approach and field monitoring for 
mechanical behaviours of pipe roof reinforcement 

Erlangshan 
tunnel 

C
h
in

a 

Pipe roof reinforcement 
method 

FpGUA  

2
0
0
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Komurluoglu, (2009)   

 

Umbrella Arch ? Reference came from 
another publication 

(Tuncdemir et al. 2012). 

Actual Reference was 
not able to be located 

2
0
0
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Aksoy and Onargan (2010),  

 

 
Kucuk et al (2009) 

The role of umbrella arch and face bolt as 

deforamtion preventing support system in preventing 

building dames,  
Chemical injection to prevent building damage 

induced by ground water draiage from shallow 

tunnels  

Izmir Metro 

T
u

rk
ey

 

Umbrella Arch 

Technique 

Fp  

2
0
0
9
 Guatteri (2009) Historical cases and use of horizontal jet grouting 

solutions with 360 distribution and frontal septum to 
consolidate very weak and saturated soils.  

Capacabana 

B
ra

z

il
 

Horizontal jet-grouting ?  

2
0
0
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Guatteri (2009) Historical cases and use of horizontal jet grouting 

solutions with 360 distribution and frontal septum to 
consolidate very weak and saturated soils.  

plaza Italia 

tunnel - Line 4 
subway (caracas 

- venezuela) 

V
en

ez
u
el

a 

Horizontal jet-grouting ?  

2
0
0
9
 

Guatteri (2009) Historical cases and use of horizontal jet grouting 

solutions with 360 distribution and frontal septum to 
consolidate very weak and saturated soils.  

Tamanduatel 

river - service 
tunnel 

B
ra

zi
l 

Horizontal jet-grouting ?  

2
0
0
9
 

Vlachopoulos et al. (2013) Tunnel behaviour associated with the weak Alpine 
rock masses of the Driskos twin tunnel system 

Driskos Twin 
Tunnel  

G
re

ec
e 

Forepole FpGUA Site visit by co-authors 
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 Habil and Wittke (2009) Conventional Tunneling in soft ground in urban 

areas - risks and chances 

Buschtunnel 

? 

forepoling Fp  
2

0
0
9
 Habil and Wittke (2009) Conventional Tunneling in soft ground in urban 

areas - risks and chances 

Vienna Subway 

(constuction lot 

U2/2 It
al

y
 

spiles Sp  

2
0
0
9
 Habil and Wittke (2009) Conventional Tunneling in soft ground in urban 

areas - risks and chances 
Vienna Subway 
(constuction lot 

U2/2 It
al

y
 

jet grouting umbrellas  GcUA  

2
0
0
9
 

Oreste (2009),  
 

Dias and Oreste (2013)  

Face stabilisation of shallow tunnels using fibreglass 
dowels,  

key factors in the face stability analysis of shallow 

tunnels  

Biella Tunnel  

It
al

y
 

pre-support / jet columns  Fp  

2
0
0
9
 

Robbins (2012), 
 

 

 
Gscgnitzer and Goliasch 

(2009) 

http://www.robbinstbm.com/case-study/the-niagara-
tunnel-project/, TBM modification for challenging 

rock conditions - a progree report of the Niagara 

Tunnel Project (NTP). 
TBM modification for challenging rock 

conditions—a progress report of the Niagara Tunnel 

Project (NTP) 

Niagara 
Hydroelectric 

Tunnel 

C
an

ad
a 

spiles SpGUA Author Site Visit 

2
0
1
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Robbins (2012),  

 

 
 

Gscgnitzer and Goliasch 

(2009) 

http://www.robbinstbm.com/case-study/the-niagara-

tunnel-project/, TBM modification for challenging 

rock conditions - a progree report of the Niagara 
Tunnel Project (NTP). 

TBM modification for challenging rock 

conditions—a progress report of the Niagara Tunnel 
Project (NTP) 

Niagara 

Hydroelectric 

Tunnel 

C
an

ad
a 

spiles SpCUA Author Site Visit 

2
0
1
0
 

Liu et al (2010) Design and construction of river crossing tunnel 

beneath Tachia River, Taiwan 

Tailrace tunnel 

of the Kukuan 
Hydropower 

plant T
ai

w
an

 

(C
h

in
a)

 Grout SpGcUA  

2
0
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Diasakos et al (2010),  

 
Marinos  (2010 course notes) 

Excavation of Kallidromo Tunnel in Clayey 

formations,  
ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1)  

Kallidromo 

Tunnel 6+665 +  

G
re

ec
e 

spiles Sp Author Site Visit  

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 
(Volume 1) 

Kallidromo 
Tunnel ? 

(Διατομή 

Σερπεντινίτη) G
re

ec
e 

spiles Sp Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Plantanos Tunnel 

(S1 Class) 

G
re

ec
e Steel forepole Fp Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Plantanos Tunnel 

(S2 Class) 

G
re

ec
e Steel forepole Fp Author Site Visit 

http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
http://www.robbinstbm.com/case-study/the-niagara-tunnel-project/,%20TBM%20modification%20for%20challenging%20rock%20conditions%20-%20a%20progree%20report%20of%20the%20Niagara%20Tunnel%20Project%20(NTP).
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Marinos (2010, 2012 course 

notes),  

P. Marions Personal 
Communication (2012) 

ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Kakia Skala 

Tunnel (the one 

beside the fake 
protal) G

re
ec

e 

Spiles SpGUA Author Site Visit 
2

0
1
0
 

Diasakos et al (2010) Excavation of Kallidromo Tunnel in Clayey 

formations,  

Kallidromo 

Tunnel 6+470 to 

6+665 

G
re

ec
e spiles Fp Author Site Visit 

2
0
1
0
 

Marinos (2010, 2012 course 

notes), P. Marions Personal 
Communication (2012) 

ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Kakia Skala 

Tunnel (the one 
beside the fake 

protal) G
re

ec
e 

Spiles SpGUA Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Knimida tunnel 

(SUPPORT DID 

NOT END UP 

BEING USED) G
re

ec
e 

forepoling FpGUA (did not get 

used.. Don’t use 

data)  

Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 
(Volume 1) 

Plantanos Tunnel 
(A Class) 

G
re

ec
e Steel rod SpGUA Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Plantanos Tunnel 

(B Class) 

G
re

ec
e Steel rod/pipe SpGUA Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 
(Volume 1) 

Plantanos Tunnel 
(C Class) 

G
re

ec
e Steel pipe SpGUA Author Site Visit 

2
0
1
0
 

Marinos (2010 course notes) ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Plantanos Tunnel 

(D Class) 

G
re

ec
e Steel pipe SpGUA Author Site Visit 

2
0
1
0
 

Marinos (2010, 2012 course 

notes),  

P. Marions Personal 
Communication (2012) 

ΥΠΟ ΚΑΤΣΚΕΥΗ ΣΗΡΑΓΓΕΣ ΣΤΗΝ ΕΛΛΑΔΑ 

(Volume 1) 

Kakia Skala 

Tunnel (the one 

beside the fake 
protal) G

re
ec

e 

Forepole FpGUA Author Site Visit 

2
0
1
0
 

Liu et al (2010) Design and construction of river crossing tunnel 

beneath Tachia River, Taiwan 

Tailrace tunnel  

of the Kukuan 

Hydropower 
plant T

ai
w

an
 

(C
h

in
a)

 

Umbrella Forepiling SpGUA  

2
0
1
0
 Schubert et al. (2010) Geomechanical Knowledge gained from the paierdof 

investigation tunnel in the section through the 

lavanttal main fault zone 

Paierdorf 

Investigation 

Tunnel  

tube forepole Fp - small collapse   

2
0
1
0
 

DSI 18 (2010) ALWAG Systems for the M6 in Hungary (pg 98) M6 Highway 

Tunnel A 

H
u

n
g

ar
y
 Pipe-Umbrella  Fp  
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DSI 18 (2010) Avoiding Traffic Jams with ALWAG Systems: New 

tram Line in Linz (pg 96) 

Linz Tram Line 

(new) 

A
u

st
ri

a tube spiles (pre-support) ?  
2

0
1
1
 

Ersoy (2011)   

 

Forepoling Sp Reference came from 

another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

2
0
1
1
 

Tonon (2011) ADECO full-face tunnel excavation of two 260m2 
tubes in clay with sub-horizontal jet-grouting under 

minimal urban cover 

Cassia Twin 
Tunnels 

It
al

y
 

Jet grouting umbrella FpGdcUA  

2
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Ersoy (2011)   

 

Forepoling Sp Reference came from 

another publication 

(Tuncdemir et al. 2012). 
Actual Reference was 

not able to be located 

2
0
1
1
 

Ozer (2011)   

 

Umbrella Arch Sp Reference came from 

another publication 
(Tuncdemir et al. 2012). 

Actual Reference was 

not able to be located 

2
0
1
1
 DSI (2012),  

Jenkins et al (2011) 

(DSI 36),  

CONSTRUCTION OF THE DULLES CORRIDOR 

METRORAIL… 

Dulles Corridor 

Metrorail Project 

U
S

A
 pipe arch canopy FpGUA  

2
0
1
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DSI (2012),  

Jenkins et al (2011),  
 

Gall et al. (2011) 

(DSI 36),  

CONSTRUCTION OF THE DULLES CORRIDOR 
METRORAIL… 

Considerations for very shallow conventional (SEM) 

tunneling in urban settings  

Dulles Corridor 

Metrorail Project 

U
S

A
 

Double injection pipe 

umbrella 

FpdGUA  

2
0
1
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Rozek and Horak, 2011  Kralovopolsky 

Tunnel 

C
ze

ch
 

R
ep

u
b

li

c 

pipe roofs and jet-

grouting screens 

? Reference came from 

another publication. 

Actual Reference was 
not able to be located 

2
0
1
1
 

DSI 20 (2013),  

 

Tauch et al. (2011) 

Stabilization using the AT-pipe umbrella system: the 

new Kaiser Wilhelm tunnel (pg 36) 

Kaiser-Wilhem Tunnel – mechanical tunnellling at 
the limits of experience  

Kaiser Wilhelm 

tunnel 

G
er

m
an

y
  Pipe Umbrella FpGcUA  

2
0
1
2
 

Yoo et al. (2012) Tunnelling-induced ground settlements in a 
groundwater drawdown environment - a case study 

Seoul Subway 
Line 9 (between 

station 902 and 

903) K
o

re
a 

Pipe umbrella FpGcUA  

2
0
1
2
 

Tuncdemir et al (2012),  

 
 

Umbrella arch and forepole support methods: a 

comparison 

Istanbul Metro : 

Levent-Ayazaga 

T
u

rk
ey

 Umbrella Arch FpGUA  
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Tuncdemir et al (2012), 

Ozturk and Simdi (2012)  

Umbrella arch and forepole support methods: a 

comparison, Subway Project in Istanbul, Turkey 

Istanbul Metro :  

Kadikoy-Kartal 

T
u

rk
ey

 Forepoling/Spiles FpGUA or FpG  
2
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DSI (2012) (DSI pg 20) Koraim Tunnel 

A
u

st
ri

a 
 Spiles ?  

2
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DSI (2012) (DSI pg 22) Bosruck Tunnel 

A
u

st
ri

a 
 Spiles Sp  

2
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2
 

DSI (2012) (DSI 25) Omis Tunnel 

A
u

st
ri

a 
 Pipe umbrella ?  

2
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2
 

DSI (2012) (DSI 26) Jagdberg Tunnel  

G
er

m
an

y
  Pipe umbrella Fp  

2
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2
 

DSI (2012) (DSI 26) Jagdberg Tunnel  

G
er

m
an

y
  spiles Sp  

2
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2
 

Berry et al. (2012),  

 

 
DSI (2012) 

Ground Conditions Encountered and the Support 

System Installed in the Realigned Starter Tunnel for 

the Lake Mead No.3 Intake, Nevada,  
(DSI 42) 

Lake Mead 

Intake Tunnel 

No.3 

U
S

A
, 

L
as

 

V
eg

as
 

Pipe Umbrella (canopy), 

canopy tubes 

Fp  

2
0
1
2
 

Kohler, Diewald, and Rath 

(2012) 

Construction of the 13.4km long Wienerwald Tunnel 

in the western suburbs of Vienna - measures to 
minimise impacts on the environment 

Wienerwald 

Tunnel 

A
u

st
ri

a 
 Pipe-roofing Fp  

2
0
1
2
 

Kohler, Diewald, and Rath 

(2012) 

Construction of the 13.4km long Wienerwald Tunnel 

in the western suburbs of Vienna - measures to 

minimise impacts on the environment 

Wienerwald 

Tunnel 

A
u

st
ri

a 
 Grouted self drilling 

spiles  

SpGUA  

2
0
1
2
 

Fang, Zang and Wong (2012)  Shallow tunnelling method (STM) for subway 
station construction in soft ground  

Zhangzizhong 
Station 

C
h
in

a 

Forepole used 2 methods  

2
0
1
2
 

Fang, Zang and Wong (2012)  Shallow tunnelling method (STM) for subway 
station construction in soft ground  

Zhangzizhong 
Station 

C
h
in

a 
Pipe roof used 2 methods  

2
0
1
2
 

Fang, Zang and Wong (2012)  Shallow tunnelling method (STM) for subway 

station construction in soft ground  

Dongsi Station 

C
h
in

a 

Forepole used 2 methods  
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Fang, Zang and Wong (2012)  Shallow tunnelling method (STM) for subway 

station construction in soft ground  

Dongsi Station 

C
h
in

a 

Pipe roof used 2 methods  
2

0
1
2
 

Fasani et al. (2012), Rodio 

(2013) 

Tunnel San Fedele Tunnel San 

Fedele 
(Roveredo 

Bypass Project) 

S
w

it
ze

rl
an

d
 Pipe screen FpCUA Author Site Visit 

2
0
1
2
 

Yasitli (2012) Numerical modeling of surface settlements at the 

transition zone excavated by new austrian Tunneling 

Method and Umbrella Arch Method in weak Rock 

Taksim to 

Yenikapi 

(Istanbul metro 
line) 

T
u

rk
ey

 

Umbrella Arch method FpGUA  

2
0
1
2
 

Trunk and Winkler (2013), 

Schneider and Tanner (2012) 

Jet-grouting in tunnelling Eyholz Tunnel 

S
w

it
ze

rl
an

d
 horizontal jet grouting GcUA  

2
0
1
2
 

Trunk and Winkler (2013), 

Neuenschwander et al. 
(2012),  

RODIO (2013) 

Jet-grouting in tunnelling, Vedeggio-Casarate 

Tunnel: Tunnelling in Groundwater under pressure 
 

project data sheet 

Vedeggio - 

Cassarate tunnel 
- main - Loose 

ground  

S
w

it
ze

rl
an

d
 jet grouting umbrellas  GcUA  

2
0
1
2
 

Neuenschwander et al. 

(2012),  

RODIO (2013) 

Vedeggio-Casarate Tunnel: Tunnelling in 

Groundwater under pressure 

project data sheet 

Vedeggio - 

Cassarate tunnel 

- main - 
overconsolidated 

silts  S
w

it
ze

rl
an

d
 grouted steel pipe FpGUA  

2
0
1
2
 

Neuenschwander et al. 

(2012),  

RODIO (2013) 

Vedeggio-Casarate Tunnel: Tunnelling in 

Groundwater under pressure 

project data sheet 

Vedeggio - 

Cassarate tunnel 

- safety - 
overconsolidated 

silts  S
w

it
ze

rl
an

d
 grouted steel pipe FpGUA  

2
0
1
2
 

Neuenschwander et al. 
(2012),  

RODIO (2013), 

Personal Email with 
Neuenschwander Matthias 

(2013) 

Vedeggio-Casarate Tunnel: Tunnelling in 
Groundwater under pressure 

project data sheet 

Vedeggio - 
Cassarate tunnel 

- safety - loose 

ground 
S

w
it

ze
rl

an
d
 

jet grouting screen FpGcUA  

2
0
1
2
 

John (2012) Application of NATM at the Channel Tunnel Channel tunnel: 
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